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ABSTRACT 
 
Jean-Marc Michel Grandjean: Anti-Markovnikov Hydrofluorination, Hydrooxysulfonylation and Hydration 
of Styrenes - Photoredox catalytic Polar-Radical Crossover Cycloaddition of Olefins and Allylic 
Nucleophiles 
(Under the direction of David Nicewicz) 
 Described herein are two general methodologies for the direct functionalization of olefins.  
 The direct addition of hydrogen fluoride across a carbon-carbon double bond was enabled by the use 
of a photoredox catalyst in conjunction with a redox active hydrogen-atom donor. The transformation 
proceeded via the formation of an alkene radical-cation. This intermediate was shown to interact with fluoride 
at the least stabilized position and yielded the desired hydrofluorinated product upon hydrogen-atom transfer. 
The reaction proceeded with complete anti-Markovnikov selectivity. This methodology was expanded to 
incorporate weak nucleophiles such as strong Brønsted acids and water. In particular, the hydration of olefins 
was facilitated by the use of a surfactant, which allowed the reaction to be conducted in water.  
 A catalytic Polar-Radical Crossover Cycloaddition (PRCC) reaction is also presented. The PRCC 
allowed for the synthesis of highly substituted tetrahydrofurans via the addition of allylic alcohols onto alkene 
radical-cations. The scope of the transformation was investigated and shown to be tolerant of common 
chemical functionalities. Efforts towards the extension of this methodology to the synthesis of substituted 
pyrrolidines are also discussed. 
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 CHAPTER 1: INTRODUCTION TO VISIBLE-LIGHT PHOTOREDOX CATALYSIS 
 In recent years photoredox catalysis has emerged as a promising and increasingly popular mode 
of catalysis in organic synthesis1,2. Interest in developing novel photocatalytic transformations was 
spurred by the rediscovery of transition metal complexes that are excited by visible light, and promote 
single-electron transfer (SET) processes with a variety of functional groups. Ruthenium polypyridyl 
complexes are perhaps the most notable among these, and while for decades their use has been 
widespread in inorganic chemistry, it was not until 2008 with reports by the Yoon3 and Macmillan4 
groups that these catalysts found a more lasting home in the synthetic chemist’s toolbox.  
 If SET processes are among the simplest elemental steps in chemistry, the effect of adding or 
removing an electron from a substrate molecule is substantial. The power of photoinduced electron-
transfer (PET) reagents lies in their unusually high reducing or oxidizing potentials when compared to 
their ground state counterparts, and in their capacity to reverse a substrate’s polarity. The promotion of 
Umpolung behavior allows for the interaction between molecules of initially mismatched polarities, 
giving rise to new transformations that would otherwise be inaccessible. 
 Although successful PET-promoted transformations have relied on either redox pathways to 
activate a variety of functional groups, reactions proceeding through the oxidation of olefins would be of 
particular interest. Alkenes are a common, readily available feedstock, and their use as synthetic 
intermediates is well established. As a result, novel methodologies allowing for their direct 
functionalization under generally mild and catalytic conditions would find a wide audience in the 
synthetic community. 
1.1 One-Electron Oxidation of Olefins 
 Radical-cations are ambivalent species, possessing both radical and polar character5. It is 
precisely this duality that confers unique reactivity profiles to these rather underutilized intermediates.  
! 2! 
Table 1: Half-peak oxidation potentials of simple alkenes 
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Me
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1.20
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1.28
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Me Ph
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OH
Me Me
2.56
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Measurements performed on a platinum disk electrode with a 
3M NaCl Ag/AgCl reference electrode
0.01M analyte in 0.1M NBu4PF6 in MeCN
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Olefin radical-cations can be accessed from electron-rich alkenes using a variety of methods for both 
synthetic and analytical purposes. Common synthetic strategies include direct photochemical electron 
ejection6, chemical one-electron oxidation7 (Figure 1.1), anodic oxidation8,9, heterolysis of β-substituted 
radicals10 and photo-induced electron transfer11.  
Figure 1.1: Chemical one-electron oxidation of olefins 
 
 
 
 
 Cyclic voltammetry is usually invoked in order to assess the likelihood of generating a radical-
cation from a given olefin substrate12. Even though electron transfers occurring at the surface of an 
electrode are only but a rough approximation for bimolecular events occurring in solution13, half-peak 
potentials extracted from electrochemical experiments allow for the comparison of substrates in regards to 
their susceptibility towards oxidation. In addition to common factors influencing the thermodynamics of a 
system, the half-wave oxidation potentials measured for irreversible processes are dependent on the 
experimental sweep-rate14 used to generate the voltammogram. Consequently, since the electrochemical 
oxidation of olefins is an irreversible process, a direct and rigorous comparison of potentials collected 
from different sources in which data was extracted under different conditions is difficult. 
  In order to create a consistent reference within the Nicewicz laboratory, the half-peak oxidation 
potential for a variety of alkenes was measured and used for comparisons. Potentials were reported versus 
a Saturated Calomel Electrode (SCE; converted from measurements against Ag/AgCl) for mono-, di-, tri- 
and tetra-substituted styrenyl and aliphatic olefins and listed in Table 1. As can be observed, different 
substitution patterns have a strong effect on the oxidizability of a given C-C π bond. More substituted 
olefins are more easily oxidized as can be witnessed by the drop in oxidation potential when going from 
cyclopentene, whose half-peak oxidation potential is Ep/2 = 2.39 V vs. SCE, to 1-methylcyclopentene, 
Me
O
Me
Me
O
Me
Ox.
Ox.
Ox. = Oxidant
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whose oxidation potential is Ep/2 = 1.81 V vs. SCE. More electron-rich substrates are expectedly more 
amenable to oxidation, as typified by 4-chloro-β-methylstyrene with Ep/2 = 1.79 V vs. SCE, compared to 
4-methyl-β-methylstyrene with Ep/2 = 1.62 V vs. SCE, i.e. a difference of 170 mV or ~ 4 kcal•mol-1. 
Finally, conjugation is a strong contributing factor. This feature is better highlighted when comparing the 
potentials of the alkyl 1,2-disubstituted cyclohexene (Ep/2 = 2.41 V vs. SCE) and the styrenyl 1,2-
disubstituted β-methylstyrene (Ep/2 = 1.68 V vs. SCE). Interestingly, the oxidation potential measured for 
2-methyl-β-methylstyrene (Ep/2 = 1.79 V vs. SCE) is higher than that of β-methylstyrene. This is likely 
caused by a significant loss of planarity and conjugation due to steric A1,5 interactions between the 2-
methyl substituent (A value ~ 1.70 kcal•mol-1 15) and the C-C π bond. 
 The reactivity of alkene radical-cations is influenced by substitution patterns as well as electron 
density around the π orbital. Using laser flash photolysis to measure the rate constants of radical-cation 
mediated cycloadditions16, the Johnston group was able to probe the effects of alkene structure on the 
reactivity of their oxidized congeners. Even though the results thus compiled correspond to a specific 
mode of reactivity (interaction with π basic reagents), they serve as a good guide for the general reactivity 
of radical-cations towards nucleophiles. In particular, it was shown that more electron-rich olefins yield 
less reactive radical-cations. Additionally, β-substitution was also established to negatively influence the 
reactivity of the studied intermediates. Consequently, there exists inverse correspondence between the 
oxidation potential of a given olefin and the reactivity of its corresponding radical-cations towards 
nucleophiles. Very electron rich olefins are more susceptible to oxidation but also afford less reactive 
radical-cations. 
1.2 Principles of photoredox catalysis 
 The thermodynamic feasibility of a redox process can be estimated via equation (1), where ∆! is 
the difference in free energy, ! is the number of electrons exchanged, ! is the Faraday constant, !!"# is 
the reduction potential of the oxidant and !!" is the oxidation potential of the reductant.  !∆! = !−!"(!!"# − !!") (1)  
! 5! 
 A negative difference in free energy indicates a thermodynamically favorable transformation. 
Therefore, exergonic redox processes are those for which the difference (!!"# − !!") is positive. In other 
terms, powerful oxidants possess highly positive reduction potentials whereas strong reductants possess 
negative oxidation potentials. 
 As previously described, the oxidation of most olefins occurs at elevated positive potentials. In 
order to widen the scope of alkenes used to generate radical-cation intermediates a powerful one-electron 
oxidant is required. Ground-state one-electron oxidants commonly encountered in organic chemistry 
include ferrocene (Ep/2 = 0.47 V vs. SCE17), iron tris-phenanthroline (Ep/2 = 1.17 V vs. SCE18) and tris-(4-
bromophenyl)-aminium hexachloroantimonate (Ep/2 = 1.47 V vs. SCE19).  
Figure'1.2:!Oxidizing!capabilities!of!one8electron!oxidants!!!!! !!!! !! !! !! On Figure 1.2 a pictorial representation of equation (1) is given. An oxidant on the upper scale is 
capable of generating radical-cations from substrates to its left on the corresponding bottom scale. The 
previously listed ground-state oxidants are thermodynamically incapable of performing single electron 
0 1 2 V vs. SCE
Ground-state
Oxidants Photooxidants
Stronger Oxidant
Oxidizable
Substrate
0.47 V
Ferrocene
1.17 V
Fe(Phen)3
1.47 V
N
Br
BrBr
•+
SbCl6-
2.06 V
N
Me
Me
Me
Me
+ BF4-
1.20 V 1.68 V 2.03 V 2.39 V
MeO
O
Me
*
1.45 V
Ru(bpz)32+
*
2.17 V
CN
CN *
! 6! 
transfer with common olefins such as β-methylstyrene. Terminal olefins, even styrenyl, are also beyond 
their scope. In order to achieve the oxidation of more synthetically useful substrates such as most di-
substituted styrenyl olefins, styrenes and tri-substituted aliphatic alkenes, photooxidants must be 
employed.!! The! ground8state! oxidants! most! commonly! encountered! in! organic! chemistry! possess!reduction!potentials!below!~!1.20!V!vs.!SCE.!Near!1.20!V!vs.!SCE!most!reagents!are!organometallic!or!inorganic!molecules,!aminium!salts!being!a!notable!exception.!Most!photooxidants!on!the!other!hand,! usually! possess! negative! reduction! potentials! at! the! ground8state.! When! irradiated! with!either! UV8! or! visible8light,! however,! they! become! powerful! oxidants! for!which! potentials! can! be!above! 2.00!V! vs.! SCE.! The! reason! for! this! phenomenon! is! the! formation! of! an! excited8state! upon!irradiation.!The!promotion!of!an!outer8electron!to!a!higher!energy!orbital!generates!a!vacancy!on!a!lower!lying!SOMO,!which!is!capable!of!accommodating!an!electron!from!a!donor!molecule!(Figure'
1.3'–'A).!Although!solvent!and!the!formation!of!contact!ion!pairs!influence!the!energetics!of!charge!transfer,!a!simple!model!for!this!transformation!can!be!derived!from!studies!in!the!gas!phase.!The!free!energy!of!bimolecular!charge! transfer! in! the!gas!phase! is!dictated!by! the!difference!between!the!ionization!energy!of!the!donor!molecule!and!the!electron!affinity!of!the!oxidant!(Equation!(2))20:!∆! = !!! − !!!" !(2)! 
where !!!!is the ionization energy of the donor and !!!" is the electron affinity of the oxidant. For an 
excited-state acceptor, however, equation (2) becomes: ∆! = !!! − !!!" − !!"∗! 3  
where !!"∗ is the electronic excitation energy of the oxidant and represents the energy to do work on the 
electrons of Ox*, which assists in moving an electron from D to Ox*. To accommodate for processes 
occurring in solution, the electrochemical potentials for the oxidation of D (!!•!/!) and reduction of Ox 
(!!•!/!) are used instead of !!! and !!!", and are multiplied by nF to correct for units. Finally, a 
Coulombic term C is added to account for charge repulsions that can arise during electron transfer, so that 
! 7! 
for a one-electron process (3) becomes: ∆! = ! + !!!•!/! − !!!"•!/! − !!"∗!!!(4)!! 
 It follows from (4) that the larger !!"∗!is the more negative the free energy for electron transfer 
becomes. In other terms, photosensitizers with elevated excited state energies are stronger oxidants.   
Figure 1.3: A representation of excited-state electron transfer mechanisms 
 
 
 
 
 
 
 
 
 
 
 
 
 In solution, ground-state donors and excited-state oxidants may form an encounter complex prior 
to electron transfer. The encounter complex, which has a lifetime of approximately 10-9s to 10-10s, consists 
of several layers of solvent (the inner most being the solvent cage) where reacting molecules are no more 
than 7 Å apart (Figure 1.3 – B). Even though excitation of the oxidant is thought to occur before the 
formation of the encounter complex, it is in its interior that reactants undergo both structural (nuclear) and 
orbital changes. After restructuring, molecules collide and charge transfer occurs21. Following electron 
transfer, the contact pair is quickly stabilized by solvent molecules and separated. Depending on the 
nature of the photooxidant and the solvent used, the products of charge transfer can become fully 
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bulk solvent.  
 The kinetics of electron transfer can be rationalized by the Marcus theory of bimolecular charge 
transfer22. This theory translates the assumption that, since the transfer of electrons occurs between 
orbitals on the donor and acceptor molecule, the electronic flow must be highly dependent on nuclear 
reorganization as well as orbital overlap. It stipulates that the kinetics of quenching by electron transfer is 
dictated by two potential energy surfaces, that of the initial state, where a ground-state molecule interacts 
with an excited-state sensitizer, and that of the final state, consisting of the radical-ion pair (Figure 1.3 – 
C). At the intersection of the two surfaces lies the transition state, a distorted molecular state, which 
precedes the electron transfer event. The reacting pair advances towards this intersection by exploring 
possible configurations before reaching the ideal arrangement for electron transfer. As an electron 
transitions from one surface to another it “hops” from reactant to product. 
 Although organic chemists are seldom familiar with photochemistry, the synthetic advantages of 
using a photosensitizer versus a ground-state oxidant are multiple. In the next section two synthetic 
examples that showcase these advantages will be discussed. 
1.3 Representative examples of photoredox catalysis 
 As was discussed previously, photoredox catalysis relies on the ability of photo-activated 
inorganic or organic sensitizers to interact with a substrate molecule via electron transfer. It is 
advantageous to use photooxidants because of their elevated excited-state reduction potentials, which 
cannot be attained prior to irradiation, thus making them bench-top stable and chemoselective.  
 Recent developments have focused on the use of inorganic photoredox catalysts to generate novel 
transformations. For this reason, olefins have remained beyond the scope of most catalytic systems. Much 
attention however, has been given to the oxidation of amines (Ep/2 = 0.7 V vs. SCE, for N,N-
dimethylanilne23) (Figure 1.4). The observation that the bond dissociation energy of a C-H bond in the 
position α to nitrogen is greatly decreased upon one-electron oxidation of an amine, has allowed for the 
development of reactions in which a quencher, responsible for regenerating the catalyst, can abstract a 
hydrogen α to the amine radical-cation. This key step furnishes an imminuim ion, which can be 
! 9! 
intercepted by nucleophiles to yield a wide variety of α−functionalized amines. 
 Figure 1.4: α-Functionalization of amines via photoredox catalysis 
 
 
 
 
 
 
 
 
 
 
   
 The Stephenson group has conducted pioneering work on the α-Functionalization of amines. On 
their seminal publication an aza-Henry reaction between nitromethane and a catalytically generated 
iminium ion was disclosed24. The transformation proceeded with Ir(ppy)2(dtbbpy)PF6 as the photoredox 
catalyst (E*p/2 = 0.66 V vs. SCE25), while dioxygen was used as a quencher, turning over the catalyst via 
oxidation. Superoxide, which is the product of the previous oxidation, may then abstract a hydrogen atom 
at the α position of the amine radical-cation, thus generating the iminium ion intermediate. Finally, 
addition of nitromethane anion furnished the aza-Henry adducts (1.1) (Figure 1.5).  
 This reaction manifold was used in conjunction with other catalysts such as Ru(bpy)3Cl2 (Ep/2 = 
0.77 V vs. SCE26) to generate a variety of α-functionalized amines. Notable examples include the 
products of a Mannich-type transformation, when enol silanes are employed as nucleophiles27 (1.2), as 
well as cyanation reactions28 (1.3), Friedel-Crafts with indole29 (1.4) and phosphonylation reactions30 
(1.5). If in these reports the scope in regards to the amine electrophile was rather restricted, a variety of 
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nucleophiles and quenchers were shown to be compatible with the use of different photooxidants, thus 
showcasing the potential for versatility and complexity-building of photocatalytic systems. 
Figure 1.5: Functionalization of amines via photoredox catalysis 
 
 
 
 
 
 
  
 
 
 
  
 The Yoon group has also utilized the oxidation of amines in synthetic processes. Their 
contribution to the intramolecular3 and intermolecular31 [2+2] cycloaddition of enones was made possible 
by the use of Hunig’s base as a reductive quencher for the excited state of Ru(bpy)3Cl2. In order to 
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cycloaddition with a tethered alkene. This mode of reactivity was employed by the Yoon group in the 
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(Figure 1.6). 
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generate radical-cations from 4-methoxyphenyl-substituted olefins. For this reason, even 3-
methoxyphenyl and phenyl-substituted olefins were unable to yield the desired cycloadduct under Yoon’s 
conditions. Therefore, although the previously described examples indeed testify to the synthetic 
versatility of photoredox catalysis, they also demonstrate the need for the use and design of more 
powerful photooxidants. 
Figure 1.6: Oxidative [2+2] cycloaddition using Ru(bpy)3Cl2 
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this limitation, these compounds also suffer from rather short-lived excited-states (~ 1 ns21) and readily 
participate in back-electron transfer (BET). BET is the reverse reaction of the productive SET. BET is 
more likely to occur with neutral sensitizers because they become negatively charged upon oxidation of 
substrate molecules. The ion pairs formed between these reduced photooxidants and the newly formed 
radical-cations are strongly bound by ionic interactions, especially in less polar solvents,  which facilitate 
back electron transfer rather than dissociation of the pair. For these reasons, organic dyes that are 
positively charged and absorb visible light have recently emerged as good substitutes for cyanoaromatic 
sensitizers.  
 Two classes of organic photooxidants will be discussed in the following section, 2,4,6-
triarylpyrylium tetrafluoroborates and 9-mesityl-10-methylacridinium. 2,4,6-Triphenylpyrylium 
tetrafluoroborate (TPT) has been the focus of several reviews34–36, which thoroughly described the 
physical as well as chemical properties of this photooxidant. TPT is an efficient PET sensitizer that can 
operate in both the singlet and triplet excited-state regimes (Figure 1.7-A). The singlet state possesses a 
lifetime of 2.9 ns with an excited-state reduction potential of 2.5 V vs. SCE, while the triplet-state 
operates at 2.0 V vs. SCE with a lifetime of up to 10 µs. It possesses a strong absorption band at 417 nm 
(visible region), which allows for the selective excitation of the photosensitizer in the presence of 
common organic chromophores that absorb in the UV region of the light spectrum. TPT has a modular 
synthesis from acetophenone and benzaldehyde using boron trifluoride, which allows for the facile 
construction of many aromatic substituted derivatives. Depending on the electronic properties of the 
aromatic substituents (electron-donating or electron-withdrawing) the photochemical properties of the 
TPT derivatives can be easily tuned. Owing to these properties, TPT derivatives have been employed as 
catalysts in a variety of transformations, ranging from cycloadditions37 and cycloreversions38 to 
oxygenation reactions39. 
 The pyrylium salts have been tested as potential catalysts for the transformations described in the 
following chapters. For this reason a brief discussion of their properties was included herein. However, 
since these transformations involved the addition of nucleophiles to olefin radical-cations, 9-mesityl-10-
! 13! 
methylacridinium was shown to be a superior candidate for photosensitization. Pyrylium salts are strong 
Lewis acids in their excited-state and showcase diminished electron-transfer reactivity when nucleophilic 
deactivation is possible. In the case of 9-mesityl-10-methylacridinium, on the other hand, sterics at the 9-
position protect the acridinium chromophore from attack by nucleophiles. This is due to the conformation 
adopted in solution, which positions the sterically encumbered 9-mesityl-substituent perpendicular to the 
acridine polycycle (Figure 1.7-A).   
Figure 1.7: Organic photoredox catalysts 
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low temperatures (< 203 K). It was believed that upon photo-excitation of the dye, charge separation 
could occur via the formation of a radical-cation on the 9-mesityl-substituent (Mes•+) and a radical on the 
acridine backbone (Acr•). According to the crystal structure of the dye, the 9-mesityl-substituent was 
shown to form an angle of nearly 90º with the acridine, so that little π overlap was possible in the charge-
separated species. For this reason, decay to the ground state was believed to be slow. There is, however, 
much debate surrounding the photophysical properties of 9-mesityl-10-methylacridinium. In particular, 
the nature of the possible excited-states as well as their corresponding lifetimes have been the subject of 
reinvestigation41. Verhoeven and co-workers have put forth strong evidence for the existence of a singlet 
excited-state localized on the acridinium chromophore (LES) with a reduction potential of 2.18 V vs. SCE 
and a lifetime of 31 ns, a singlet CT state with a revised reduction potential of 2.06 V vs. SCE and a 
lifetime of 6 ns as well as a triplet excited-state localized on the chromophore (LET) with a reduction 
potential of 1.45 V vs. SCE and a lifetime of 30 µs at room temperature42. It would seem that all three 
states could be responsible for electron-transfer with a suitable partner, thus making the identification of 
the precise excited-state reduction potential rather difficult. For this reason, the nature of the excited-state 
responsible for electron transfer with olefins is the object of ongoing investigation in the Nicewicz 
laboratory. However, since olefins with high oxidation potentials have been shown to undergo electron 
transfer with 9-mesityl-10-methylacridinium43,44, the excited-state reduction potential will be considered 
to be at least 2.06 V vs. SCE throughout the following chapters. In particular, Perkowski44 has shown 
through the successful anti-Markovnikov hydroacetoxylation of 2-methylbut-2-ene that trialkyl-
substituted olefins, which possess elevated oxidation potentials (~ 2.0 V vs. SCE, cf. Table 1), undergo 
oxidation using this catalyst. 
 In 2011 a report by Fukuzumi and co-workers demonstrated that acridinium derivatives could be 
used as efficient catalyst for photosynthetic applications45. In this example, the photocatalytic bromination 
of aromatic hydrocarbons was conducted under aerobic conditions (Figure 1.7-B). The transformation 
occurred upon visible light irradiation of an O2-saturated solution containing the oxidizable substrate, 
! 15! 
catalytic amounts of 9-mesityl-10-methylacridinium perchlorate and 50% aqueous hydrogen bromide. 
Methoxy-substituted aromatic hydrocarbons as well as heteroaromatic compounds yielded brominated 
products regio-selectively and quasi-quantitatively. Transient absorbance experiments were evoked to 
elucidate the reaction mechanism, which was shown to proceed via the formation of aromatic radical-
cations. The subsequently formed acridine radical could be oxidized by dissolved dioxygen, thus 
regenerating the catalyst.  
 This key precedent, which unequivocally demonstrated that acridinium derivatives could be 
employed as photocatalysts to generate radical-cations, served as an indication that 9-mesityl-10-
methylacridinium could be a catalyst of choice for the transformations that will be described in the 
following chapters. These transformations involve the regioselective functionalization of olefins via the 
addition of nucleophiles to alkene radical-cations. 
 Furthermore, we believe that the 9-mesityl-10-methylacridinium catalyst provides a template for 
further catalyst development via substitution at the acridine polycycle or at the acridine nitrogen. We are 
confident that these modifications could allow for the direct modulation of the catalyst’s photophysical 
and chemical properties, which in the future could enable the functionalization of more challenging 
substrates, such as terminal olefins.  
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CHAPTER 2: ANTI-MARKOVNIKOV ADDITION OF HETEROATOM NUCLEOPHILES TO 
OLEFINS 
 The direct addition of nucleophiles across a C-C π bond is arguably one the most extensively 
researched class of transformations in organic chemistry. These reactions usually occur upon treatment of 
an electron rich olefin with reagents of the general form E-Nu, where E is an electrophilic partner such as 
H+, Sn, BR2, Si, Hg and Nu is a nucleophile such as F-, Cl-, Br-, CN-, HO-, etc… Although the use of the 
functionalizing reagent by itself is not uncommon, transition-metal catalysis can be employed to promote 
or enhance the desired outcome. In most cases, however, when unsymmetrical olefins are employed, the 
outcome of these transformations is the addition of the nucleophile at the Markovnikov position. 
Reversing the regioselectivity of addition reactions is a particularly difficult task, and in the following 
chapter, our efforts towards this goal will be discussed in detail. In particular, we wish to show how the 
in-situ generation of alkene radical-cations allows for the reversal of the common Markovnikov 
selectivity. The development of a direct catalytic anti-Markovnikov hydrofluorination of styrenes will be 
the focal point of this chapter. 
2.1 Understanding the Markovnikov regioselectivity 
 Markovnikov’s rule was developed to describe the addition of HX (X = Cl, Br, I) to 
unsymmetrical olefins. The hydrohalogenations proceed via protonation and transient carbocation 
formation, followed by rapid addition by the nucleophile. Under conditions that allow for this 
transformation to occur, the rule states that: “When a hydro- carbon of unsymmetrical structure combines 
with a halogen hydroacid, the halogen adds itself to the less hydrogenated carbon atom, that is, to the 
carbon atom which is more under the influence of other carbon atoms.” In modern terms, the selection 
rule indicates that nucleophiles will add to the position that best stabilizes the carbocation intermediate1,2. 
A simple energy diagram can be invoked to explain the outcome of this transformation (Figure 2.1). The 
!!20 
first step, namely protonation of the olefin, is rate determining, with more unstable carbocation 
intermediates giving rise to higher activation barriers. Due to stabilization via hyperconjugation, more 
branched carbocations are lower in energy, although in the cases of benzylic and vinylic carbocations 
electron delocalization also plays a major stabilizing role. The rates of formation of tertiary and 
delocalized carbocations are therefore far greater than those usually observed for secondary and primary 
carbocations. Since the energy barrier for the addition of a nucleophile to the high-energy carbocation 
intermediates is low, the new carbon-heteroatom or carbon-carbon bond is formed preferentially at the 
most stable position. Throughout the rest of this dissertation, this position will be referred to as the 
Markovnikov position. 
 Olefins are a common, widely available chemical feedstocks, and the direct hydration, 
hydroamination, and hydrohalogenation of olefins yield hydrocarbons that are of great interest to various 
industries and areas of research. Over the years, the importance of both the Markovnikov and anti-
Markovnikov products of direct hydrofunctionalization reactions has been recognized, but for different 
applications. Branched molecules are sought after as fine chemicals and starting materials for the 
pharmaceutical and agrochemical industries, whereas anti-Markovnikov products, especially aliphatic 
Figure 2.1: Energy diagram for the addition of HX to an olefin 
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ones, are of growing interest to the chemical industry, where the demand for terminal aldehydes, alcohols 
and amines runs in the millions of tons per year. Therefore, the development of more cost-effective 
hydrofunctionalization reactions, which proceed with high regiocontrol, is a major challenge for modern 
organic chemistry. In particular, catalytic transformations capable of yielding the “unnatural” anti-
Markovnikov regioisomer would be of great interest to the synthetic community. 
2.2 Recent advances in anti-Markovnikov functionalization of olefins 
 The direct bromination of alkenes can yield the anti-Markovnikov product under radical 
conditions, where peroxides are used as initiators. This transformation has been known for almost a 
century, and yet no reliable catalytic alternatives have been devised since. In fact, this transformation, 
which is taught at introductory-level organic chemistry courses, operates under very harsh conditions and 
is limited in scope to the addition of hydrogen bromide; the other halogens are not prone to this mode of 
reactivity. Usual alternatives to the addition of common nucleophiles to the anti-Markovnikov position 
usually require two-step procedures such as stoichiometric hydroborations, hydrostannylations and 
hydrozirconations3 followed by the desired hydration, halogenation or transition metal catalyzed 
coupling.  
 The most widely used example of such a transformation involves the addition of boranes to 
olefins, followed by oxidation and subsequent formation of the anti-Markovnikov alcohol. Due to steric 
hindrances, the first step is regioselective, with boration occurring on the least encumbered carbon; the 
Figure 2.2: Anti-Markovnikov functionalization via hydroboration and hydrozirconation 
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following steps occur with retention of configuration. Although the previously described transformations 
are still of great use to synthetic chemists, they do suffer from several drawbacks (Figure 2.2). 
 The reagents used such as boranes, stannanes and Schwartz’s reagent are usually toxic and/or air 
sensitive. Moreover, stoichiometric amounts are necessary to yield to desired products, thus generating 
significant amounts of waste, which are difficult to recycle. On the other hand, the use of stoichiometric 
amounts of oxidants such as peroxides pose their own safety issues. As such, these transformations are 
not amenable to large-scale applications, and for this reason, the direct catalytic anti-Markovnikov 
addition of nucleophiles to olefins remains one of the top ten unmet challenges in modern organic 
chemistry. In recent years much attention has been given to solving this important problem, but so far few 
research groups have achieved significant results in this direction. Hartwig and co-workers as well as 
Grubbs and co-workers have found metal-catalyzed solutions to the regioselective hydroamination and 
hydration of terminal styrenes respectively. Finally, the Nicewicz group has devoted an entire research 
program to the development of transformations that utilize alkene radical-cations to achieve the addition 
of various nucleophiles to a wide scope of olefins using organic catalysts.  
 In 2003 Hartwig and co-workers disclosed a transformation that yields hydroamination and 
oxidative amination products with complete anti-Markovnikov selectivity from terminal styrenes4. The 
transformation, which was catalyzed by 5 mol% [Rh(COD)(DPEphos)]BF4, yielded a mixture of 
hydroaminated enamine products in two to three days depending on the substrate. Both electron-donating 
and withdrawing groups can be tolerated on the phenyl substituent with yields generally ranging from 
50% to 79%. Depending on the nature of the amine nucleophile used, the ratios of amine to enamine 
(which was considered an undesirable side-product) could be somewhat modulated, although at least 20% 
of the enamine product was obtained for most styrene and amine nucleophile combinations. In particular, 
styrenes bearing electron-poor substituents gave overall low ratios of amine to enamine (Figure 2.3-A).  
 In order to explain these findings a tentative mechanism was proposed (Figure 2.3-B). Upon the 
initial formation of either an N-H inserted or π-coordinated styrene complex, the azametallacyclobutane 
catalytic intermediate can be formed. This cyclic intermediate, which cannot undergo β-hydride 
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elimination due to the lack of cis-hydrogens, undergoes reductive elimination to afford the desired amine 
product. However, coordination of a second styrene molecule, an event known to be likely for electron-
poor olefins, opens the metallacycle to an intermediate that allows for both direct β-hydride elimination 
and reductive elimination to products, as well as hydride insertion on the newly complexed vinyl arene. 
The insertion equilibrium yields an intermediate that only has β-hydride elimination to the enamine as a 
possible outcome. For this reason, electron-poor styrenes produced increased amounts of the undesired 
product. 
 Figure 2.3: Rhodium-catalyzed anti-Markovnikov hydroamination of styrenes 
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 Later on, the previous methodology was further expanded to allow for the anti-Markovnikov 
hydroamination to occur intramolecularly5, with 1,1-disubstituted vinyl arenes as substrates (Figure 2.3-
C). In this case, the nature of the catalytic system had to be revisited to counter possible rhodium-
catalyzed olefin isomerization. It was found that by switching the ligand on the cationic rhodium center 
from DPEphos to DPPB (1,4-Bis(diphenylphosphino)butane) the intramolecular reaction proceeded in 
high yields and increased amine to enamine ratios.  
Figure 2.4: Ru-catalyzed hydroamination of styrenes 
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suppressing enamine formation. Ru(COD)(2-methylallyl)2 was used as a catalytic precursor, DPPPent 
(1,1’-Bis(diphenylphosphino)pentane as the ligand and triflic acid as a co-catalyst6. A variety of cyclic 
and acyclic amines were shown to undergo the transformation efficiently with both electron-rich and 
electron-deficient vinylarenes (Figure 2.4-A). Mechanistic investigations later showed that the ruthenium 
catalyzed reaction proceeds via a different mechanism than that disclosed for the rhodium-catalyzed 
transformation7. A η6-styrene complex was shown to be an important catalytic intermediate, key in 
activating the alkene towards the anti-Markovnikov nucleophilic addition of the amine. C-N bond 
formation is followed by regeneration of the η6-styrene intermediate and release of the product via π-
arene exchange (Figure 2.4-B). Although this impressive transformation yielded the desired 
hydroaminated adducts in high yield and regioselectivity, the pre-requisite formation of the η6-styrene 
ruthenium complex prevented the use of aliphatic alkenes as successful substrates under these conditions.  
 A complementary transformation, reported by Buchwald and co-workers, further advanced the 
field of metal-catalyzed hydroaminations by promoting the anti-Markovnikov addition of dialkyl-N-OBz 
amines to aliphatic alkenes.  The catalytic system utilizes a copper complex in conjunction with 
dimethoxymethylsilane as a hydride source8. Although the transformation produced the Markovnikov 
isomer from styrenyl olefins, terminal aliphatic olefins were functionalized at the anti-Markovnikov 
position.  
 Previous work in the field of anti-Markovnikov hydrofunctionalization has not been, however, 
restricted to hydroaminations. In 2011 Grubbs and co-workers reported the first reliable catalytic system 
for the hydration of terminal styrenes. Their strategy involved the use of a dual catalytic system capable 
of combining an oxidative and a reductive cycle in the same pot. It was based on known precedent for 
Wacker-type, PdCl2-promoted oxidations being conducted in the presence of water, and for certain metal 
hydrides (MH) to reduce carbonyl compounds in the presence of metal alkoxides. The guiding principle 
for the transformation relied on the combination of these two cycles, with the first being responsible for 
oxidation of the olefin substrate to an aldehyde, and the second for the reduction of the in situ generated 
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aldehyde to the alcohol (Figure 2.5-A).  
Figure 2.5: Pd/Ru-catalyzed hydration of styrenes 
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size of tBuOH, the linear vinyl ether is formed preferentially, which explains the anti-Markovnikov 
selectivity. The oxidation step also generates one catalytic equivalent of acid (HCl and hydroquinone) per 
turnover, which in the presence of water converts the vinyl ether to the corresponding aldehyde. The 
aldehyde is reduced by the second catalytic cycle via ruthenium-catalyzed transfer hydrogenation (Figure 
2.5-B) using Shvo’s catalyst. Finally, CuCl2 was employed to assist in the re-oxidation of the palladium 
catalyst and to prevent direct reduction of the alkene to the corresponding alkane by the transfer 
hydrogenation catalyst.  
 The optimized system was shown to catalyze the anti-Markovnikov hydration of a wide scope of 
terminal styrenes. Both electron-deficient and electron-rich vinylarenes underwent the desired 
transformation in good yields and excellent regioselectivity, favoring the anti-Markovnikov product. 
Unconjugated olefins also underwent hydration, but with diminished regioselectivity. For all aliphatic 
substrates reported, the Markovnikov alcohol was formed preferentially over the anti-Markovnikov 
product (Figure 2.5-A). 
 The previously described transformations show that there is precedent for the direct catalytic anti-
Markovnikov functionalization of olefins using amine and alcohol nucleophiles. There is, however, a 
great need for complementary reactivity; in particular for transformations that allow for the anti-
Markovnikov addition of a wider variety of nucleophiles under metal-free conditions.  
2.3 Utilizing alkene radical-cations for anti-Markovnikov functionalization 
 Pioneering work done by the Gassman group showed that alkene radical-cations were capable of 
interacting with nucleophiles at the anti-Markovnikov position9.  
 The study of a photoinduced lactonization helped shed light on the mechanism by which alkene 
radical-cations are intercepted. A tri-substituted aliphatic olefin with a pendant propanoic acid substituent 
underwent 5-exo-trig cyclization upon single electron transfer with a photosensitizer. Interestingly, the 
new carbon-oxygen bond was formed exclusively at the anti-Markovnikov position (Figure 2.6). 
Although stoichiometric amounts of the 1-cyanoanthracene sensitizer were employed for this 
transformation, and unsaturated side-products were also formed along with the desired lactone, the 
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examples presented by Gassman served as a clear precedent for the possibility of utilizing radical-cations 
for anti-Markovnikov functionalizations. 
Figure 2.6: Intramolecular photoinduced lactonization 
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radical-cation. Calculations were conducted for the interaction between 2-methyl propene radical-cation 
and methanol. It was proposed that the addition proceeds via the formation of a symmetrical three-
membered intermediate in which both the charge and spin densities were equally shared. It was 
speculated that the weaker of the two C-O bonds breaks to yield a distonic radical-cation. The radical was 
thus formed at the most stable position, while most of the charge density resided on the oxygen. This 
valuable study showed that contrary to polar reactions, which lead to carbocation formation, 
transformations proceeding via alkene radical-cations promote the formation of anti-Markovnikov 
adducts instead.  
Figure 2.7: Photo-NOCAS reaction 
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2.4 The direct catalytic anti-Markovnikov cyclization of alkenols 
 The most recent advances in the field of photocatalytic anti-Markovnikov functionalization of 
alkenes were developed in the Nicewicz laboratories. The basis for the expansion of our research program 
came from an initial report published in 2012 that dealt with the direct anti-Markovnikov cyclization of 
alkenols. The results described therein represented a first solution to the problems of conversion and 
scope associated with the previous reports by Arnold, Gassman, and Mizuno. In order to render the 
transformation catalytic, a potent organic-dye sensitizer was adopted as the visible-light activated 
photooxidant. This photocatalyst operated in conjunction with a redox-active hydrogen atom donor. The 
identification of the latter, as will be discussed in detail below, was key to the development of the 
methodology.  
 Nicewicz and Hamilton developed a transformation that expanded on Arnold’s findings; namely, 
that alkene radical-cations could be generated using a photooxidant, and that cyclization occurred upon 
addition of the alcohol nucleophile at the anti-Markovnikov position. Two main obstacles, however, had 
to be overcome. First, a catalytic solution would have to involve the identification of a more suitable 
photooxidant. One of the reasons for this was described in Chapter 1; cyanoarenes, which were 
employed by Arnold, absorb in the UV region of the light spectrum and possess short excited-state 
lifetimes. Furthermore, the use of cyanoarenes seemed incompatible with the development of a 
hydroetherification reaction; since it was shown in the photoNOCAS that dicyanobenzene was inevitably 
incorporated in the final product. The second challenge to be overcome involved the identification of a 
suitable hydrogen atom donor, a necessary component in order to intercept the radical formed upon 
addition of the nucleophile.  
 It was recognized early on that a good candidate for a redox catalyst should (a) possess near 
complete redox reversibility, to close the catalytic cycle, (b) possess a high excited-state reduction 
potential to access a wide range of alkene radical-cations, and (c) be positively charged, to reduce 
columbic attraction and back-electron transfer. Fukuzumi’s 9-mesityl-10-methylacridinium catalyst 
emerged as a good candidate for this purpose. 
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Figure 2.8: Photocatalytic anti-Markovnikov hydroetherification of alkenols 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 As described in Chapter 1, Fukuzumi’s sensitizer possesses a high-excited state reduction 
potential. (Although the exact nature of the excited-state responsible for electron transfer is still a topic of 
Me
HO
Ph
Ph
Me
Me
HO
Ph
Ph
MeMe
O
Me
Ph
Ph
H
NC CN
Ph H
NC CN
Ph
NC CN
Ph
N
Mes
ClO4Me
N
Mes
Me
Me
O
Ph
Ph
H
N
Mes
ClO4Me
*
2-phenylmalononitrile
photoredox catalyst
SET
–e–
H+
–H+
O
Me
Me
H Ph
Ph
1
450 nm LEDs+e–
Me
acredine radical
Ar
O Me
Me Ar
O
i-Pr
77% yield
1.8:1 d.r.
Me
Me
O
Ph
68% yield
2.5:1 d.r.
Me
Me
46% yield
1.2:1 d.r.
O Me
41% yield
1.1:1 d.r.
O
Me
Ph
Ph
TBSO
76% yield
Me
O
Me
Ph
Ph
41% yield
5:1 d.r.
Me
O
Me
Me
Ph
Ph
 80% yield
Ar
O Me
Me
60% yield
Ar
O
82% yield
5 mol% catalyst 1
0.5 equiv. PhCH(CN)2
DCE, hν = 450 nm
R2 Z
HO
R1
R3
R2
O
Z
R1
R3H
N
Mes
ClO4
Me
CN
Ph
NC
H
catalyst 1 2-phenylmalononitrile
(1)
A-
B-
!!32 
ongoing research) Furthermore, its reduced form, the acridine radical, is a good reductant (E1/2 = -0.52 V 
vs. SCE), so that presumably, return electron transfer to regenerate the cationic catalyst would be, in most 
cases, thermodynamically favorable.  
 The initial investigations focused on testing photosensitizers. In particular, when alkenol (1) 
(Figure 2.8 – A) was reacted with 5 mol% of 9-mesityl-10-methylacridinium perchlorate in degassed 1,2-
dichloroethane (DCE) no trace of the Markovnikov adduct could be observed, and the desired anti-
Markovnikov tetrahydrofuran was recovered in 36% yield. Although this yield was significantly higher 
then what was observed when cyanoarenes were tested, it also demonstrated the need for a compatible 
hydrogen-atom donor. Since the conversion for this transformation was high (83%), most of the 
unaccounted mass-balance was attributed to unidentifiable, competing radical processes. A suitable 
hydrogen-atom donor would hopefully diminish deleterious side reactions by quickly quenching the 
radical formed upon nucleophilic addition.  
 The identification of a suitable hydrogen-atom donor was initially based on screening potential 
molecules that possessed low C-H bond dissociation energies (BDE < 90 kcal•mol-1). N-
hydroxyphthalamide (BDE = 87 kcal•mol-1), 9-phenylfluorene (BDE = 74 kcal•mol-1) and 2-
phenylmalononitrile (BDE = 77 kcal•mol-1) increased the yield of cyclization for alkenol (1). 2-
phenylmalononitrile, however, significantly outperformed all hydrogen-atom donors tested, and 76% 
yield of the desired adduct could be recovered when 0.5 equivalents of this reagent were employed. 
Surprisingly, it seemed that possessing a low C-H bond dissociation energy was a necessary but not sole 
requirement for enhanced reactivity; matching redox properties was also necessary. Upon hydrogen-atom 
abstraction, the 2-phenylmalononitrile radical was able to oxidize the acredinyl radical (E1/2 = -0.52 V vs. 
SCE) back to acridinium, thus turning over the catalytic cycle.  
 Having identified the most efficient combination of photocatalyst and hydrogen-atom donor, the 
scope of the transformation was investigated. Electron-rich as well as electron-deficient substrates 
underwent cyclization to yield the desired 5-,6- or 7-exo adducts. Thorpe-Ingold effect was shown to not 
be necessary for efficient cyclization. Both styrenyl and tri-substituted aliphatic alkenes were capable of 
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generating the desired radical-cation intermediates that were efficiently intercepted intramolecularly 
(Figure 2.8 – A).  
 A mechanism for the overall transformation was proposed, which articulated oxidation by the 
sensitizer and turnover by the hydrogen-atom donor (Figure 2.8 – B). The proposed mechanism 
incorporated all the points discussed previously. Namely, (a) excitation of the acridinium catalyst by blue 
light, followed by (b) single electron transfer to generate the alkene radical-cation, (c) intramolecular 
addition at the anti-Markovnikov position, (d) hydrogen atom transfer, (e) oxidation of the acredinyl 
radical by the 2-phenylmalononitrile radical and (f) protonation to regenerate the redox-active hydrogen-
atom donor.  
2.5 The direct catalytic anti-Markovnikov hydrofunctionalization of olefins  
 The previous methodology was further expanded to include both protected amines and 
carboxylates as nucleophiles for the anti-Markovnikov hydrofunctionalization of olefins.  
 In 2013 Nicewicz and Nguyen reported an intramolecular anti-Markovnikov hydroamination 
reaction catalyzed by 9-mesityl-10-methylacridinium tetrafluoroborate (a safer counter ion than 
perchlorate) and thiophenol as the hydrogen-atom donor12. The strategy for the hydroamination was based 
on the hydroalkoxylation reaction discussed in the previous section. It was proposed that amines could act 
as competent nucleophiles to intercept alkene radical-cations, so long as a suitable nitrogen protecting 
group were identified. Sufficiently electron-rich amines, which are known to be susceptible to oxidation, 
could lead to undesired side-reactions. For this reason, initial emphasis was placed on screening 
protecting groups that could render the amine less oxidizable while retaining nucleophilicity.  
 Para-Toluenesulfonyl was found to be the optimal protecting group for the desired 
transformation, although low yields were obtained when the conditions used for the hydroalkoxylation 
were employed. Even though complete anti-Markovnikov selectivity was observed, upon further 
optimization it seemed clear that identifying a more competent hydrogen-atom donor was of paramount 
importance, if higher yields were to be obtained. When thiophenol was tested in catalytic amounts (20 
mol%), the cyclization of (2) afforded the desired product of 5-exo cyclization in 70% yield. 
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Figure 2.9: Anti-Markovnikov hydroamination of alkenes 
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employing 9-mesityl-10-methylacridinium as a photoredox catalyst, capable of efficiently 
hydrofunctionalizing olefins with three different kinds of nucleophiles, with complete anti-Markovnikov 
selectivity. Although other hydrogen-atom donors were shown to enable the desired reactivity, thiophenol 
seemed to have emerged as an excellent co-catalyst for this system. The redox features of and the precise 
role of the thiol will be discussed in more detail in following sections.  
Figure 2.10: Anti-Markovnikov addition of carboxylic acids to alkenes 
 
 
 
 
 
 
 
 
 
 
 
 
2.6 The anti-Markovnikov hydrohalogenation of olefins 
 The Nicewicz group had demonstrated that the intra- and intermolecular addition of various 
oxygen and nitrogen nucleophiles to alkenes proceeded with complete anti-Markovnikov selectivity when 
a suitable photoredox catalyst was used in conjunction with a redox-active hydrogen-atom donor. 
Although the expanding nucleophile scope for this catalytic system was quite impressive, a potentially 
more useful transformation would involve the direct addition of halogens at the anti-Markovnikov 
position. The hypothetical anti-Markovnikov hydrohalogenations would afford high-utility products for 
both multi-step synthesis and medicinal chemistry. For this reason, encouraged by a better understanding 
R
R1
R2
HO
O
R3
R
R1
R2
O
H
R3
O
Me
O
H
Me
O
H
Me
O
H
Me
O
H
MeO
98% yield99% yield 97% yield 94% yield
MeO
O
Et
MeO MeO
O
n-Pr
O
i-Pr
O
Ph
63% yield
1:2 r.r.
61% yield
1.9:1 d.r.
82% yield
MeO
O
MeH
N
O Me
O
CBz
H
O
O Ph
O
H
74% yield
Me
Me
O
Me
Me
O
H
O
O Ph
O
H
2.5 mol% catalyst 1
0.2 equiv. PhSH
0.2 equiv. 2,6-Lutidine
DCE, hν = 450 nm
N
Mes
BF4
Me
catalyst 1 Thiophenol
S
H
!!36 
of the photocatalytic reaction manifold furnished by the previous examples, we decided to investigate the 
problem of regioselectively adding highly acidic nucleophiles, including hydrogen chloride and fluoride, 
to olefins.  
 Alkyl halides are of great importance in organic chemistry due to their use as building blocks in 
organic synthesis. They are versatile intermediates; readily participating in radical reactions, nucleophilic 
substitution reactions and transition metal catalyzed cross-coupling reactions. Organofluorine compounds, 
however, are quite different from other halogenated hydrocarbons. They are far more stable and less 
prone to both polar and radical reactions. For this reason, they are less frequently viewed as potential 
synthetic intermediates. They are, nonetheless, of great importance to the pharmaceutical industry13. 
 Alkyl chlorides and bromides are usually accessed via radical chlorination and bromination of 
activated benzylic or allylic C-H bonds2,3. Additionally, the direct hydrohalogenation of alkenes proceeds 
with complete Markovnikov selectivity.  On the other hand, a practical catalytic solution to the anti-
Markovnikov hydrohalogenation of olefins remains elusive, and would represent an important advance 
towards an unmet challenge of modern organic chemistry1.  
 As previously mentioned, hydrogen bromide can be added selectively to unactivated olefins. The 
anti-Markovnikov selectivity can be achieved with bromine via a peroxide-initiated radical process. The 
latter proceeds to the desired product under fairly harsh conditions, which preclude its widespread use in 
synthetic applications. The radical process is inherently restricted to brominations, as the anti-
Markovnikov radical addition of the other halogens is thermodynamically unfavorable and greatly limited 
in scope14. For chlorine and fluorine, the most synthetically useful methodologies currently involve two-
step, stoichiometric procedures via deoxychlorination and deoxyfluorination. The latter, in particular, 
suffers from low chemoselectivity, with competing elimination, due to fluorine’s enhanced basicity, being 
a major issue.  
 We hypothesized that a manifold similar to that employed by the transformations described in 
sections 2.3 and 2.4 could afford a route to a direct anti-Markovnikov addition of hydrogen fluoride and 
other mineral acids to alkenes. Strongly Brønsted acidic nucleophiles present a unique challenge that was 
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not encountered in prior methodologies; their low pKa values could significantly limit the scope of the 
desired transformation and enhance side-reactions. In the case of fluoride, it was unclear how its basicity 
would affect transformations involving acidic radical-cation intermediates. In the following sections the 
importance of organofluorines will be discussed as well as how the challenges associated with the 
addition of fluoride and other highly Brønsted acidic nucleophiles to alkene radical-cations were met. 
2.7 – The importance of fluorine in medicinal chemistry and other applications 
 Fluorine is the most electronegative element on the periodic table with a Pauling electronegativity 
value of χ = 4.0. The carbon fluorine bond is also the strongest single bond in organic chemistry (105.4 
kcal•mol-1). The reason for this enhanced bond strength is commonly rationalized by electrostatic 
considerations. Being significantly more electronegative than carbon, most of the electron density on the 
C-F bond is concentrated on fluorine. As such, the bond is highly polarized and its strength is associated 
with a significant coulombic interaction between C(δ+) and F(δ−) rather than with the electron sharing 
commonly associated with the covalent model15. 
 Somewhat surprisingly, fluorine is a poor leaving group, even though significant partial positive 
charge in present on carbon. This shows that the electrostatic stabilization responsible for bond formation 
is sufficiently great to resist polarization towards the formation of fluoride. Nonetheless, organofluorine 
compounds are still prone to fluoride elimination under basic conditions. This feature can be problematic 
for synthetic applications even though elimination, which proceeds via an E1CB mechanism, tends to be 
slow. Overall, however, the C-F bond can be regarded as a highly polarized and rather inert bond. 
 The size of the fluorine atom as well as the C-F bond length is intermediate between hydrogen 
and oxygen. For this reason, fluorine is used as a common steric replacement to C-H bonds. Swapping 
hydrogen for fluorine has electronic implications that can dramatically change the properties of a 
molecule. Although the lone pairs on fluorine are contracted and interact rather poorly, if at all, with 
hydrogen bond donors, the polarized nature of the C-F bond allows for dipole interactions, electrostatic 
interactions and hyperconjugation. All these interactions combined contribute to changes in the 
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molecule’s conformation and non-covalent interactions. 
 Fluorine is commonly used in medicinal chemistry to modulate the bioavailability, metabolic 
stability and substrate-protein interactions13 of potential pharmaceutical agents. Fluorinated compounds 
showcase increased lipophilicity and acidity, which greatly influence the bioavailability of a compound. 
As an isosteric replacement for hydrogen, fluorine can also modify a molecule’s propensity towards 
oxidations, thus enhancing metabolic stability. All these properties combined have made fluorine 
incorporation a target for modern medicinal chemistry. Nowadays, 20% to 25% of compounds currently 
in the pharmaceutical pipeline contain at least one fluorine atom. A well-known example of a fluorine-
containing drug is Fluoxetine (Prozac®), one of the best-selling antidepressants worldwide.  
 Fluorination is also employed in material science and in agrochemistry to modulate the properties 
of polymers and pesticides, respectively. Positron emission tomography is also another area of 
application, where 18F-containing molecules are used as radiotracers. For these reasons, several research 
groups have focused their efforts in developing new ways to incorporate fluorine onto organic structures. 
Despite these efforts, however, there is still a widespread need for more practical and selective 
fluorination methods16. 
2.8 – An introduction to the direct hydrofluorination of alkenes  
 The direct hydrofluorination of alkenes is a particularly attractive transformation. However unlike 
the other halogens, the polar Markovnikov addition of hydrogen fluoride across a double bond is quite 
unfavorable, due to fluorine’s enhanced reactivity, basicity and toxicity. To mitigate the dangers 
associated with handling hydrogen fluoride in its anhydrous form, several hydrogen polyfluoride 
conjugates have been developed over the years; the most notable being Olah’s reagent (pyridine-HF), 
which can in some cases promote alkene hydrofluorination. Unfortunately, reactions that employ Olah’s 
reagent or other hydrogen polyfluoride ether complexes operate under very harsh conditions and suffer 
from significant side-reactivity. Therefore, thirty years after the development of these reagents, there is 
still a pressing need for milder reaction manifolds that allow for the chemo- and regioselective 
hydrofluorination of alkenes.  
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 Recent advances in the development of novel fluoride anion and fluoride radical reagents have 
allowed for the occurrence of two impressive hydrofluorination reactions. Both transformations proceed 
with complete Markovnikov selectivity under mild conditions from terminal olefins. Selectfluor, an 
electrophilic reagent that can be used for radical fluorinations, was utilized by the Boger group in a free 
radical fluorination of unactivated alkenes. The earlier report of an Fe(III)/NaBH4-mediated oxidation of 
alkenes to the Markovnikov alcohol established the possibility of using alternative radical traps to allow 
for other oxidation modes. Due to the mildness of the procedure, the authors sought to develop a method 
for the free radical incorporation of fluorine using this strategy. 
Figure 2.11: Fe(III)/NaBH4-Mediated hydrofluorination of unactivated alkenes 
 
 
 
 
 
 
 
 
 
 
 
 In this 2012 report17 the Boger group demonstrated that a system consisting of two equivalents of 
Fe (III) Oxalate, six equivalents of NaBH4 and two equivalents of Selectfluor could mediate the 
Markovnikov hydrofluorination of unactivated terminal as well as di- and tri-substituted alkenes. The 
reaction proceeded to the corresponding fluorinated products in good yields, even when functional groups 
were present, such as free or protected alcohols and amines, acetals, carboxylic acids, carbamates, amides, 
esters and carbohydrates (Figure 2.11). Interestingly the transformation was insensitive to both water and 
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dioxygen, and the reactions were run open to air in a mixture of acetonitrile and water. Although the 
mechanism was not well understood, it was thought that the transformation initiated via the homolytic 
reaction between an alkene and a hydrogen atom equivalent. This yielded either a free radical or a labile 
C-Fe bond at the Markovnikov position. Interaction with Selectfluor then resulted in radical fluorine 
addition with exclusive Markovnikov selectivity.  
 In 2013, Hiroya and co-workers reported a catalytic variant of this transformation. A Co(II) 
catalyst was employed in conjunction 1,1,3,3-tetramethyldisiloxane as a stoichiometric hydrogen source. 
N-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate, another electrophilic reagent, was used as the 
fluorine radical source. This transformation was also shown to be tolerant of a wide variety of functional 
groups, and afforded the desired hydrofluorinated products from terminal olefins in good yields with 
complete Markovnikov regioselectivity (Figure 2.12). 
Figure 2.12: Cobalt-catalyzed hydrofluorination of unactivated alkenes 
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powerful complement to the previously discussed methodologies.  
2.9 – The photocatalytic hydrofluorination of styrenes 
 Combining photoredox catalysis with synthetic fluorination poses a unique set of challenges that 
have not been encountered by the methodologies previously reported by the Nicewicz group. 
Contemporary advances to the field of hydrofluorination discussed in section 2.7 relied on the use of 
modern electrophilic fluorinating reagents. Intercepting alkene radical-cations would, however, require a 
nucleophilic source of fluoride. This could pose a number of synthetic challenges associated with the 
harshness of most electrophilic fluoride sources, the non-polarizable character of fluoride, as well as its 
enhanced basicity in the solvents used. It was unclear how radical-cations would behave under these 
conditions and whether the photoredox catalyst would remain active if several equivalents of a hard 
nucleophile were present. Nevertheless, we were encouraged by a report by Arnold and co-workers in 
which it was shown that alkene radical-cations generated under photochemical conditions could undergo 
arylfluorination with complete anti-Markovnikov regioselectivity.  
2.9.1 – Arylfluorination of alkenes under photoNOCAS conditions 
 In a 1997 report, Arnold and co-workers described a selective, one step synthesis of fluoroalkanes 
starting from simple alkenes using the previously described photoNOCAS reaction manifold. The 
regiochemistry of the fluorine adducts was predominantly anti-Markovnikov; the nucleophile added to the 
least substituted carbon of the double bond.  
 The transformations were carried out using 1,4-dicyanobenzene as the photosensitizer, biphenyl 
as a co-donor and the alkene in an acetonitrile solution. Initial reactions were conducted on 2,3-dimethyl-
2-butene (4) as the oxidizable olefin and tetrabutylammonium fluoride as the nucleophile source. It was 
found that 3-(4-cyanophenyl)-2-,3-dimethyl-1-butene (6) was formed preferentially in 28% yield, while 
the desired 3-(4-cyanophenyl)-2-fluoro-2,3-dimethylbutane (5) was formed in 22% yield. Product (6) 
results from the deprotonation of the alkene radical-cation by fluoride (pKa = 3.2 in water18), followed by 
radical recombination with 1,4-dicyanobenzene’s radical-anion (Figure 2.13). The transformation was 
also attempted using potassium fluoride in conjunction with 18-crown-6 as the source of nucleophile. It 
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was found that fluoride basicity was enhanced in this case and the deprotonation pathway became 
responsible for most of the observed reactivity. 
Figure 2.13: Arylfluorination via photoNOCAS 
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moving on to 2-methyl-2-butene (7) the combined yield for the deprotonation adducts amounted to 46%, 
while the desired anti-Markovnikov adduct (8) was recovered in 22% yield. Interestingly in this case, 2% 
of the Markovnikov adduct (9) was also observed by GC-MS. Finally, 2-methylpropene (10) was also 
tested and shown to be quite unreactive. It afforded the anti-Markovnikov fluorinated product (11) in a 
5% yield and the deprotonated adduct (12) in 8% yield. Despite the modest yields, these investigations 
showed that fluoride could act as both a base and a nucleophile towards alkene radical-cations. 
 The stability of the radical intermediates generated via photoNOCAS fluorination was studied 
using ab initio molecular orbital calculations. Different theoretical models were used to evaluate the 
enthalpy changes for a series of isodemic reactions that afforded the β-fluoro-radical intermediates 
formed in the course of the reaction. Differently from what is observed with alcohol nucleophiles, it was 
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found that β-fluoro-radicals do not show a tendency to bridge. Surprisingly, the Markovnikov β-fluoro-
radicals, in which the fluoride added to the most substituted carbon, were actually found to be 
thermodynamically favored over their anti-Markovnikov counterparts. These calculations would therefore 
suggest that rather than thermodynamics, kinetic factors such as sterics and polarization, governed the 
observed anti-Markovnikov selectivity. Fluoride added to the sterically less encumbered carbon; a 
position that happens to be that of the “harder” electrophilic carbon, which is a better match to the hard 
fluoride ion. 
 Even though Arnold’s photoNOCAS fluorination resulted in significant side-product formation, 
the arylfluorinated adducts from three different alkenes showcased the desired anti-Markovnikov 
regioselectivity. This key precedent thus served as the basis for the research that will be described in the 
following sections.  
2.9.2 – Photoredox catalytic hydrofluorination of styrenes: initial results  
Figure 2.14: Effects of the fluoride source on the anti-Markovnikov hydrofluorination of 1,1-
diphenylethylene 
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practical, direct catalytic hydrofluorination of olefins that proceeded with complete anti-Markovnikov 
selectivity to the desired fluorinated adducts. With Arnold’s precedent as an encouragement, our 
investigations started with the identification of a preferred fluoride source and visible-light activated 
catalyst for this transformation. 
 1,1-Diphenylethylene was chosen as a substrate to commence our investigations on the desired 
transformation. It is an oxidizable olefin with the Markovnikov and anti-Markovnikov sites sterically well 
differentiated. GC-MS analysis and 19F NMR were employed to study product formation. 1,1-
Diphenylethylene was added to different solutions containing the fluoride sources (1.5 equivalents), 2-
phenylmalononitrile as the hydrogen atom donor (three equivalents) and 10 mol% of 9-mesityl-10-
methylacridinium tetrafluoroborate in a 1:1 mixture of acetonitrile and trifluoroethanol (TFE, to aid with 
solubilization). The results were summarized in Figure 2.14 and showed that out of all the fluoride 
sources tested, only tetrabutylammonium dihydrogen trifluoride and triethylamine trihydrofluoride 
afforded trace amounts of product identifiable by GC-MS and 19F NMR. All other fluoride sources tested 
failed to yield even trace amounts of the desired anti-Markovnikov product. Due to its mildness, 
triethylamine trihydrofluoride (Et3N•3HF) was chosen as a fluoride source for the subsequent 
experiments. 1,3-Dimethoxybenzene was used as standard for GC-MS analysis; the GC yields reported in 
the remainder of this section are relative to one equivalent of this standard, which was added to the 
reaction mixture after work up. 
 As a follow up to our initial investigations, 1,1-Diphenylethylene was submitted to irradiation 
with varying amounts of the acridinium and different pyrylium catalysts. Et3N•3HF was tested as a co-
solvent in mixtures with TFE, acetonitrile and nitromethane. As can be observed on Figure 2.15 using the 
fluoride source as a co-solvent in nitromethane afforded quantifiable yields of the desired anti-
Markovnikov product and 2 mol% seemed to be the optimal loading for the acridinium catalyst. These 
transformations yielded large amounts of a side-product, which was later identified as a dimer of 1,3-
diphenyl-2-fluoroethane (13). This competing side-reaction was the product of a radical dimerization that 
was likely occurring at a similar rate to hydrogen-atom transfer, even though two and a half equivalents of 
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hydrogen-atom donor were being employed. 
Figure 2.15: Screen of solvent systems against the acridinium and pyrylium catalysts 
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step procedure; synthesis of the alcohol intermediate (14) was followed by deoxyfluorination giving 51% 
of the desired product. When both 9-mesityl-10-methylacridinium tetrafluoroborate and (4-
methylphenyl)oxopyrylium tetrafluoroborate were tested as catalysts, potassium bifluoride, potassium 
fluoride and cesium fluoride combined with a variety of phase transfer reagents and crown ethers, as well 
as Tetrabutylammonium (Triphenyl-1-silyl)difluorosilicate and tetrabutylammonium fluoride tetra(tert-
butanol) failed to yield appreciable amounts of the desired adduct. With β-Methylstyrene as a substrate 
(Figure 2.16), both catalysts were submitted to the more successful conditions that used Et3N•3HF as a 
co-solvent in nitromethane.  
Figure 2.16: Initial optimizations with β-Methylstyrene as a model substrate 
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photoredox catalyst, could appreciable amounts of the desired adduct be formed (11% yield by GC). After 
these initial screenings, it became clear that the design of a new catalytic system would be necessary for 
this methodology to be successful. The unwanted dimerization side-product from the transformation with 
1,1-diphenylethylene, prompted a change in the nature of the hydrogen-donor used. 
  As previously described on section 2.4, the combination of an acridinium catalyst with a thiol co-
catalyst has proven successful for the anti-Markovnikov hydroamination and hydroacetoxylation 
reactions. We were therefore encouraged to test thiols as potential hydrogen-atom donor co-catalysts for 
the hydrofluorination manifold. However, prior to performing these experiments we believed that another 
key observation had to be addressed. Several test reactions in which the acridinium catalyst (1) was 
employed turned from yellow to light blue then deep blue over time. We saw this observation as a sign of 
catalyst deterioration; the acridinium catalyst was likely decomposing in the presence of large 
concentrations of fluoride in solution. In order to confirm our suspicions, a solution of 9-mesityl-10-
methylacridinium tetrafluoroborate in acetonitrile was stirred with ten equivalents of cesium fluoride. The 
crude mixture was analyzed by 1H NMR and showed clear signs of catalyst decay. In particular, the signal 
corresponding to the 10-methyl substituent disappeared. It seemed, therefore, that fluoride was displacing 
the methyl substituent on nitrogen, presumably via an SN2 mechanism; the demethylated acridine was 
isolated and further supported this hypothesis. A similar decomposition pathway had previously been 
reported for 9-phenyl-10-methylacridinium in the presence of methoxide in acetonitrile19. The aromatic 
signals from the acridine backbone had become shifted upfield and new signals could be seen. The 
combination of these observations made a compelling case for the dearomatization of the acridinium 
chromophore; this was likely the result of the nucleophilic aromatic addition of the hard fluoride anion 
onto the acridine ring20. It was thus evident from this experiment that new, potentially more robust, 
acridinium catalysts had to be designed if the chromophore were to survive the fluorinating conditions. 
 The design principle for acridinium derivatives was based on protecting the both chromophore 
via steric hindrance and the nitrogen, by replacing the 10-methyl substituent with a protecting group that 
would prevent demethylation by fluoride (Figure 2.17). We decided to investigate three other catalysts, 
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9-mesityl-2,7,10-trimethylacridinium (catalyst 3), which had been previously reported by Fukuzumi and 
co-workers21, as well as two previously undisclosed catalysts, 9-mesityl-10-phenylacridinium (catalyst 2) 
and 9-mesityl-2,7-dimethyl-10-phenylacridinium (catalyst 4). The spectroscopic and electrochemical 
properties of these catalysts were found to be similar. This data as well as their synthesis is described in 
detail in Appendix II. 
Figure 2.17: Deactivation pathways and new catalyst design 
 
 
 
 
 
 
  
  
 As a first trial for the new reactions conditions, all four acridinium catalysts were tested for the 
hydrofluorination of β-Methylstyrene using 20 mol% of thiophenol as the hydrogen-atom donor along 
side two equivalents of triethylamine trihydrofluoride in nitromethane. To our satisfaction, changing the 
nature of the hydrogen-atom donor afforded greatly increased yields for the anti-Markovnikov adduct. 
When analyzing the reaction by GC-MS, we found that all catalysts generated at least 50% of the desired 
product overnight. In particular, catalyst 4 outperformed the other three catalysts; a 67% GC yield was 
observed when it was employed. Although full conversion of β-Methylstyrene was observed, with the 
remaining mass-balance likely going to the formation of oligomers of the alkene substrate, these results 
were a great advance over what had previously been observed when 2-phenylmalononitrile was used as a 
hydrogen-atom donor. Thiophenol was clearly a more competent reagent for this transformation. It 
allowed for the use of a hydrogen-atom donor in sub-stoichiometric amounts, while enabling the use of 
N
Mes
BF4
Me
F
F
N
Mes
BF4
Me
catalyst 1
N
Mes
BF4
Ph
catalyst 2
N
Mes
BF4
Me
catalyst 3
Me
Me
N
Mes
BF4
Ph
catalyst 4
Me
Me
Pathways for catalyst deactivation
!!49 
triethylamine trihydrofluoride as a stoichiometric reagent, instead of as a co-solvent.  
Figure 2.18: Solvent, concentration and Et3N•3HF stoichiometry screen  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Following these results, we sought to optimize our reaction conditions. Different solvents, 
concentrations as well as equivalents of fluoride source were tested. To our satisfaction, the 
transformation proceeded very rapidly to the desired anti-Markovnikov adduct. When stopped after one 
hour, the reactions yielded appreciable amounts of product. A summary of these investigations is given on 
Figure 2.18. When thiophenol was used as a hydrogen-atom donor, the reaction became very efficient 
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with a concentration of 0.25 M in substrate. Gratifyingly, only one equivalent of triethylamine 
trihydrofluoride was necessary for the transformation to proceed in good yields, although sub-
stoichiometric amounts could also be used if necessary. 
 In order to further probe the stability of the catalysts, all four acridinium tetrafluoroborates were 
stirred in deuterated chloroform with one equivalent of triethylamine trihydrofluoride. The four solutions 
were mixed in the glove box and added to NMR tubes, which were then placed in front of an LED lamp. 
After irradiating the solutions for twenty-four hours, they were analyzed by 1H NMR. The original 
catalyst 1 showed clear signs of degradation. All aromatic peaks became less well defined and new 
aromatic peaks appeared. The intensity of N-Me peak decreased significantly and a peak attributed to an 
N-H proton reappeared. The other three catalysts also showed degradation at the aromatic region, but 
seemed, at least qualitatively, to have survived these conditions better than catalyst 1.  
 Following these initial screenings, we shifted our attention to testing different hydrogen-atom 
donors under our new conditions. Previously encountered donors such as 2-phenylmalononitrile, 9-
cyanofluorene and benzene sulfinic acid were tested along side various thiols and when possible, their 
disulfide congeners. As can be observed on Figure 2.19, only thiols and disulfides proved to be 
competent donors under our conditions. In particular, bis-(4-nitrophenyl)disulfide emerged as the optimal 
hydrogen atom donor for the reaction, yielding up to 60% of the desired anti-Markovnikov adduct in only 
two hours. This set of experiments proved that the use of thiols was determinant in the development our 
photoredox catalytic hydrofluorination.  
 In order to confirm that bis-(4-nitrophenyl)disulfide is indeed a preferred hydrogen-atom donor 
for the hydrofluorination, a second, less oxidizable substrate was also submitted to a thiol screen. para-
Fluoro-β-methylstyrene was chosen for this and shown to be a competent substrate under our conditions. 
For all thiols tested, appreciable amounts of the anti-Markovnikov product, the sole regioisomer observed, 
were obtained. Once again, bis-(4-nitrophenyl)disulfide proved to be the optimal hydrogen-atom donor 
for this transformation (Figure 2.19). Before exploring the scope of the photoredox catalytic 
hydrofluorination in more depth, all four acridinium catalysts were tested against three different substrates 
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(Figure 2.20). 
Figure 2.19: Effects of hydrogen-atom donor identity on anti-Markovnikov hydrofluorination 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
 53% conversion
 24% yield
 20% conversion
 5% yield
 17% conversion
<5% yield
 16% conversion
 <5% yield
 11% conversion
 <5% yield
 90% conversion
 60% yield
59% conversion
39% yield
 56% conversion
 27% yield
S
S
S
S
S
S
O2N
NO2
O2N
S
MeO
CN
CN
H
CN
H
S
OH
O
1 hour
H H H
 59% conversion
56% yield
 39% conversion
25% yield
 92% converison
77% yield
 84% conversion
 65% yield
 75% conversion
 47% yield
Me
F
S
S
S
S
S
S
O2N
NO2
O2N
S
MeO
Me
H
2 hours
H H H
F F
Me
Me
F
5 mol% Catalyst 4
H-Atom donor
(25 mol % disulfides
50 mol% all others)
H
1 equiv. Et3N•3HF 
CHCl3 [0.25 M]
hν = 450 nm anti-Markovnikov
Product
5 mol% Catalyst 4
H-Atom donor
(25 mol % disulfides
50 mol% all others)
1 equiv. Et3N•3HF 
CHCl3 [0.25 M]
hν = 450 nm
!!52 
Figure 2.20: Acridinium catalyst screen versus three electronically distinct substrates 
 
 
 
 
 
 
 
 
 
 
 
  
 As can be observed, all catalysts afforded the desired products. It would seem that the 
transformation became so efficient under our new conditions that guaranteeing the stability of the catalyst 
became a less important issue. Catalyst 4 did, however, produce better yields overall, particularly for less 
oxidizable substrates. More easily oxidized olefins proceeded to the hydrofluorinated adduct so rapidly, 
that catalyst stability had less of an effect on the outcome of the transformation. Slower substrates, 
however, allowed for enhanced catalyst degradation and appreciably better yields were observed for 
catalyst 4. For this reason, catalyst 4 was employed as the preferred catalyst for the remainder of the 
scope.  
2.9.3 – Photoredox catalytic hydrofluorination of styrenes: reaction scope 
 The yields for the hydrofluorination of a variety of substrates were summarized on Figure 2.21. 
1H NMR yields are given as an average of two runs, while isolated yields were collected from a single 
run. Due to the difficulty in isolating fluorinated compounds, we believed 1H NMR yields were a better 
representation of chemical reactivity. For this reason, both yields were reported.  
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Figure 2.21: Reaction scope for the anti-Markovnikov hydrofluorination of styrenes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 For all β-methylstyrene derivatives tested, only the anti-Markovnikov product was observed. No 
fluorination at the α position could be observed. Derivatives possessing both electron withdrawing and 
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electron-releasing substituents gave the desired product in good yield. So long as the olefin remained 
oxidizable, the transformation proceeded smoothly. Very electron-rich olefins such as anethole (para-
methoxy-β-methylstyrene), however, failed to yield detectable amounts of the alkyl fluoride. These 
findings corroborate the discussions undertaken in Chapter 1, in particular that strongly stabilized alkene 
radical-cations are less reactive towards nucleophiles. On the other hand, methoxy substitutions at the 
meta and ortho positions were well tolerated, and products F13 and F14 were observed in 52% and 75% 
yield respectively. The para-fluorinated product F8 was observed in 85% yield, whereas a substrate with 
an even more electron withdrawing substituent, such as in F7, was slower to react and afforded the 
corresponding alkyl fluoride in 43% yield. Brominated substrates also survived our reactions conditions 
(F5, F6); these products are particularly interesting since they can be further functionalized via transition 
metal-catalyzed coupling reactions. Once again, for all substrates, the discrepancies observed between 
NMR yields and isolated yields were attributed to the increased volatility and difficulty in isolation of 
fluorinated hydrocarbons. 
 Mono-substituted alkenes such as styrene failed to react well under our conditions. Styrene itself 
yielded the desired anti-Markovnikov adduct in only 15% yield by 1H NMR. All attempts at slight 
modifications of the reaction conditions failed to afford any change in yield. 1,1-Disubsituted styrenes, 
however, could be accessed, but in lower yields; α-methylstyrene gave product F16 in 43% yield. 
Expanding the scope of our photoredox catalytic transformations to incorporate monosubstituted styrenes 
is a current goal of the Nicewicz laboratories.  
 The transformations discussed in sections 2.3 and 2.4 have all successfully included tri-alkyl 
substituted alkenes. As was discussed in Chapter 1, these are more challenging substrates under common 
photochemical conditions, due to their usually high oxidation potentials (~2 V vs. SCE) and increased 
steric impediments. We were nonetheless pleased to observe the formation of the anti-Markovnikov 
hydrofluorination product when methylcyclopentene was used as a substrate. Although the product could 
not be isolated due to its low molecular weight, we could confirm the formation of the expected pair of 
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diastereomers via 1H NMR and 19F NMR and comparison to a literature precedent22.  
Figure 2.22: Hydrofluorination of methylcyclopentene 
 
 
 
2.9.4 – A discussion of the reaction mechanism  
Figure 2.23: Proposed mechanism for the photoredox catalytic hydrofluorination of styrenes 
 
 
 
 
 
 
 
 
 
  
 The catalytic cycle begins with excitation of the photoredox catalyst 4 using blue light. As was 
discussed on Chapter 1, the excited-state reduction potential of catalyst 1 was estimated to be at least 
2.06 V vs. SCE. Since it was found that the electrochemical and photophysical properties of catalyst 4 
were very similar to those of catalyst 1, we assumed that the excited-state reduction potential of catalyst 
4 would also be at least 2.06 V vs. SCE. At its excited-state the acridinium catalyst promotes 
photoinduced electron transfer (PET) from the olefin substrate. The resultant alkene radical-cation is then 
free to interact with fluoride present in solution. As was discussed on section 2.8.1, it is likely that steric 
and polar factors guide the nucleophile towards addition at the homobenzylic position. The final anti-
Markovnikov hydrofluorinated adduct is formed upon hydrogen-atom transfer (HAT) from 4-
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nitrothiophenol, which is presumably generated in situ. Other members of the Nicewicz laboratory are 
currently investigating in more detail the exact nature of our general photocatalytic cycle. In particular, 
understanding how the disulfide, which lacks a heteroatom-hydrogen bond, acts as the hydrogen-atom 
donor is a topic of ongoing research. It is likely, however, that irradiation with blue light homolyzes the 
disulfide bond, generating two equivalents of thiyl radical. This radical species would then be oxidizing 
enough to regenerate the photoredox catalyst. This turnover step generates one equivalent of thiolate, 
which is rapidly protonated by the acidic triethylamine trihydrofluoride to afford a catalytic equivalent of 
4-nitrothiophenol.  
2.10 – The direct catalytic anti-Markovnikov hydrochlorination of styrenes 
 The hydrofluorination reaction described in the previous sections was submitted for publication 
as a joint venture with Dr. Dale Wilger. Although Dr. Wilger generated the initial results for the 
hydrofluorination project, his main objective instead was the design of a hydrochlorination manifold. Due 
to its enhanced acidity, the addition of HCl presented a challenge in regards to preventing the acid-
catalyzed Markovnikov pathway, while promoting radical-cation mediated anti-Markovnikov addition. 
To address this issue, amine hydrochloride salts were used as a mildly acidic surrogate for HCl. It was 
found that when paired with 4-methoxythiophenol as the hydrogen-atom donor, a variety of ammonium 
salts afforded the desired anti-Markovnikov alkyl chlorides (Figure 2.24). The salt derived from 2,6-
lutidine was however shown to be the most effective. We also believed that 4-methoxythiophenol 
provided superior reactivity under these conditions due to the increased basicity of its conjugate thiolate; 
a new pre-requisite due to the higher pKa values of ammonium salts. 
 A manifold consisting of 2,6-lutidinium chloride as the nucleophile, paired with 4-
methoxythiophenol as the hydrogen-atom donor and catalyst 1 proved to be very general. Electron-rich 
β-methylstyrene derivatives, that would under more acidic conditions readily afford the Markovnikov 
adduct, proceeded to the homobenzylic alkyl chloride in excellent yields. Gratifyingly, this method also 
allowed for the anti-Markovnikov hydrochlorination of terminal styrenes, albeit in lower yields (Figure 
2.25) and 2-phenyl-chloroethane was obtained in a 50% 1H NMR yield. The chlorination of styrene is 
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particularly remarkable. All other anti-Markovnikov additions investigated by the Nicewicz laboratory 
failed to proceed in good yield to the desired adduct with styrene. 
Figure 2.24: Amine-HCl salts as chloride sources for the hydrochlorination reaction 
 
 
 
 
 
 
 
 
   
 Finally, Derivatives of α-methylstyrene with both electron-withdrawing and electron-donating 
substituents were shown to be competent partners for the hydrochlorination reaction. In particular, α-
methyl-(4-bromophenyl)styrene proceeded to the terminal alkyl chloride in 62% yield.  
Figure 2.25: Select examples of direct photoredox catalytic hydrochlorination of styrenes 
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2.11 – The direct catalytic anti-Markovnikov addition of sulfonates and phosphonates to styrenes.  
 Encouraged by our results with fluoride and chloride, we decided to investigate if even more 
Brønsted acidic nucleophiles could be efficiently employed under this manifold. We also believed that 
more challenging nucleophiles would allow for the assessment our methodology, in terms of its limits and 
generality. Our analysis began with organic phosphates, since they are slightly more acidic than HF. 
Besides, the anti-Markovnikov hydrooxyphosphorylated adducts would be of particular interest to the 
synthetic community, since organic phosphates are important synthetic intermediates and phosphate 
substituted molecules are common in biological systems.  
 We found that changing the nature of the substituents on the phosphate anion strongly affected 
the outcome of the transformation. When dibutyl and dibenzyl phosphoric acids were used as 
nucleophiles, we found that only 10 mol% of base (2,6-lutidine) was necessary to allow for the desired 
reaction to proceed. In this case, diphenyldisulfide was found to be the optimal hydrogen-atom donor, and 
catalyst 4 was employed. When submitted to these conditions, however, the more acidic diphenyl 
phosphoric acid afforded only 12% of the desired anti-Markovnikov adduct. In order to allow for the use 
of diphenyl phosphate as a nucleophile, its corresponding 2,6-lutidinium salt had to be used instead. Once 
again, now that a lutidinium salt was being employed, we found that 4-methoxythiophenol was the 
preferred hydrogen-atom donor for the reaction. This manipulation of the nucleophile allowed for the 
desired anti-Markovnikov adduct to be obtained in 86% 1H NMR (Figure 2.26).  
 The substituent effects described in the previous paragraph prompted us to investigate sulfonates 
as nucleophilic partners under our photoredox catalytic conditions. Although sulfonic acids are in general 
significantly more acidic than phosphoric acids and HF, a wider range of pKa values would be accessible 
by changing the substituent on the central sulfur atom. 
 Beyond the insights that the addition of sulfonates would give us in regards to the generality of 
our anti-Markovnikov manifold, being able to perform hydrooxysulfonylations directly, from unactivated 
olefins would be of synthetic interest as well. Sulfonates are customarily employed as leaving groups; 
their use within nucleophilic addition reactions would therefore provide a framework for a variety of 
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other additions that cannot, at the present time, be accessed directly using our photoredox catalytic 
system. 
Figure 2.26: Direct catalytic hydrooxyphosphorylation of β-methylstyrene 
 
 
 
 
 
 
 
 
 
 
  
 The use of sulfonic acids by themselves as nucleophiles proved to be incompatible with our 
reactions conditions. Even methyl sulfonic acid, with a pKA ~ -1.0, seemed to promote rapid 
oligomerization and polymerization of β-methylstyrene. For this reason, and in order to increase the 
concentration of sulfonate at any given time, the 2,6-lutidinium salts of methyl and benzenesulfonate, 
para-toluenesulfonate and trifluoromethylsulfonate were prepared and used instead. In accordance with 
our previous results, the use of the 2,6-lutidinium salts was matched with 4-methoxythiophenol as the 
hydrogen–atom donor. The addition of methylsulfonate, the most nucleophilic of the sulfonates tested, 
proceeded in 72% 1H NMR yield to the desired anti-Markovnikov adduct. Gratifyingly, no Markovnikov 
reactivity was observed. As we moved from the electron-rich methyl substituent to the slightly electron-
deficient benzene, the yield dropped to 37% by 1H NMR. Unsurprisingly, the less reactive triflate salt 
failed to provide even trace amounts of the addition product with β-methylstyrene (Figure 2.27). 
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Figure 2.27: Direct catalytic hydrooxysulfonylation of β-methylstyrene 
 
 
 
 
 
 
 
   
2.12 – Conclusions on the anti-Markovnikov hydrofunctionalization of styrenes 
 In the previous sections the description of a versatile reaction manifold was undertaken. When 
used in conjunction with the appropriate hydrogen-atom donor, which inversely matched the acidity of 
the nucleophile employed, 9-mesityl-10-methylacridinium and the more sterically stable 9-mesityl-2,7-
dimethyl-10-phenylacridinium were shown to catalyze a variety of important transformations with 
complete anti-Markovnkov regioselectivity. These included the direct hydrofluorination, 
hydrochlorination, hydrooxyphosphorylation and hydrooxysulfonylation of styrenes.  
 The hydrooxysulfonylation, in particular, was used to test the generality of the transformation. 
Very non-coordinating anions were shown to remain unreactive under our current conditions and a trend 
in reactivity was shown to follow the electronic porperties of the substituents on sulfur. Although the 
preparation of the 2,6-lutidine salt of para-toluenesulfonic acid was mentioned, the results for the 
addition of this sulfonate were voluntarily omitted. The reason for this omission was the observation of an 
adventitious side-reaction when this salt was employed.  
2.13 – The direct catalytic anti-Markovnikov hydration of olefins 
 When attempting to hydrooxysulfonylate β-methylstyrene with the 2,6-lutidine salt of para-
toluenesulfonic acid the formation of a significant by-product was observed along side the expected anti-
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Makovnikov hydrooxytosylated adduct. 
2.13.1 – The addition of para-toluenesulfonate to β-methylstyrene 
 The crude reaction mixtures were customarily analyzed by 1H NMR after addition of an internal 
standard (hexamethyldisyloxane) and the characteristic C-H peak at the anti-Markovnikov position was 
used for 1H NMR yield determination. The chemical shift for the C-H peak when a  sulfoxide present at 
the anti-Markovnikov position was usually close to δ = 5.0 ppm. In the reaction with the 2,6-lutidine salt 
of para-toluenesulfonic acid the expected peak was indeed present at δ = 5.0 ppm. A second peak, 
however, with splitting patterns characteristic of an anti-Markovnikov adduct, appeared in close to 20% 
1H NMR yield at δ ~ 4.0 ppm. The side product was isolated and compared to literature reports to confirm 
its identity as 2-phenylethanol, the anti-Markovnikov hydration adduct with β-methylstyrene 
(Figure2.28). 
Figure 2.28: Observing the hydration adduct 
 
 
 
  
 As the pathways to afford the hydration product remained unknown at the time, two hypotheses 
were formulated. First, the alcohol was being formed after tosylate addition. This would mean that the 
tosylate adduct was being decomposed in course of the reaction, possibly via a hydrolysis pathway 
enabled by our oxidative conditions. Second, the 2,6-lutidine salt of para-toluenesulfonic acid was wet 
and was serving as a phase transfer reagent. In this case, hydration would be occurring directly from the 
addition of the water impurity present in the amine salt.  
 In order to test the first hypothesis, the isolated tosylate adduct was resubmitted to our standard 
reaction conditions, with both catalyst 4 and 4-methoxythiophenol present and irradiation with blue light. 
No decomposition was observed, even one equivalent of water was added to the reaction vessel (Figure 
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2.29).   
Figure 2.29: Probing the tosylate decomposition hypothesis 
 
 
 
 
 
 
 
  
 The second hypothesis was tested by adding a full water equivalent to the reaction between β-
methylstyrene and the 2,6-lutidine salt of para-toluenesulfonic acid. To our satisfaction, 43% of the 
hydration adduct was observed along side 5% of the tosylate adduct. In order to confirm this hypothesis, 
2,6-lutidine salts of both benzenesulfonic acid and trifluoromethylsulfonic acid were tested as phase 
transfer reagents together with one full equivalent of water. Both yielded the desired hydrate. Only the 
2,6-lutidine salt of trifluoromethylsulfonic acid, however, afforded the hydration adduct in 60% yield 
with supressed sulfonate adduct formation.  
Figure 2.30: Probing the phase transfer reagent hypothesis 
 
 
 
 
  
 
 
As a control, the hydration was attempted without the phase transfer reagent. Only 10% of the hydration 
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adduct could be observed in this case.  
 As a conclusion to our hypotheses, hydration was observed due the amine salt acting as a phase 
transfer reagent. Even though the 2,6-lutidine salt of para-toluenesulfonic acid had been dried under 
vacuum, water was still present as an impurity (Figure 2.30). 
2.13.2 – The direct catalytic anti-Markovnikov hydration of styrenes. 
 The importance of being able to hydrate olefins catalytically with complete anti-Markovnikov 
selectivity was recognized on sections 2.1 and 2.2. Grubb’s methodology23, which was discussed in detail 
earlier in this chapter, still represents the only direct catalytic method to hydrate styrenes with the desired 
regioselectivity. Grubb’s dual catalytic system is, however, only competent at hydrating terminal mono-
substituted styrenes. For this reason, we believed that our initial success in hydrating β-methylstyrene at 
the homobenzylic position warranted further investigations.  
 Our initial inquiries focused on identifying a more suitable phase transfer reagent. In particular, 
we were interested in a reagent that would be readily available and that could be used in sub-
stoichiometric amounts. Three 2,6-lutidine salts were prepared with different strong acids in order to 
generate non-coordinating reagents, so that hydration of the olefin would not be out-competed by another 
addition pathway. The commercially available tetrabutylammonium tetrafluoroborate and 
tetrabutylammonium hexafluorophosphate were tested along side the lutidine salts (Figure 2.31-A). One 
equivalent of any given salt was used to evaluate whether it would be a competent hydration promoter. 
Upon closer examination of the crude reaction mixtures, we found that all the reagents tested were 
capable of promoting, to varying degrees, the addition of water at the anti-Markovnikov position. The 
formation of a side-product, which until then had gone mostly unnoticed, also became an important issue. 
We found that all the phase transfer reagents tested afforded varying amount of an ether adduct, which 
seemed to arise from addition of 2-phenylethanol to a β-methylstyrene radical-cation. Because 
tetrabutylammonium tetrafluoroborate (TBA-BF4) is commercially available and gave comparable results 
to both 2,6-lutidinium triflate and 2,6-lutidinium tetrafluoroborate, it was chosen as the preferred phase 
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transfer reagent for further optimization. Interestingly, both hexafluorophosphate salts failed to afford 
high yields of the desired hydration adduct.  
Figure 2.31: anti-Markovnikov hydration of β-methylstyrene using a phase transfer reagent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 Encouraged by these early results, we chose to probe whether TBA-BF4 could be used as a sub-
stoichiometric additive for the transformation. We found that the yields of both the desired anti-
Markovnikov alcohol and the ether adduct remained largely unchanged even when 20 mol% of TBA-BF4 
was used (Figure 2.31-B). Unfortunately, further rounds of optimization failed to increase the yield of the 
desired product, as well as the ratio of the free alcohol to the ether dimer (Figure 2.31-C). 
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 The hydration reaction offered us a unique opportunity to design an efficient catalytic system that 
could be truly labeled as green24 while responding to a pressing synthetic problem. In particular, since we 
were unable to produce a more efficient transformation using a phase transfer reagent, we decided to 
investigate whether the hydration could be performed directly in water. Because the photocatalyst as well 
as all the other reagents involved in the transformation are insoluble in water, the use of a surfactant 
became necessary.  
 Surfactants in water form micelles at a specific concentration called the critical micelle 
concentration (CMC)25. Although we were unsure how our photocatalytic system would behave in a 
micellar environment a standard 20% by weight aqueous solution of sodium dodecyl sulfate (SDS) was 
prepared, which is above the CMC for SDS. We were surprised to observe that the catalyst became 
completely soluble in the micellar solution. The solution also remained clear after the addition of the thiol 
and β-methylstyrene. For this reason, we decided to test whether irradiation would afford the desired 
hydration product. Gratifyingly, 52% of the desired anti-Markovnikov adduct was observed by 1H NMR 
together with 12% of a thiol-ene adduct26. Although the hydration of styrenes is still the topic of on-going 
research, further optimization has shown that a 1 mol•L-1 concentration of SDS in water at pH = 3.0 was 
optimal to obtain increased yields of the anti-Markovnikov hydration of β-methylstyrene. 4-
Methoxythiophenol was found to be the optimal hydrogen-atom donor at pH = 3.0, and lowering its 
loading to 10 mol% allowed us to suppress the unwanted thiol-ene reaction. Finally, catalyst 2 (9-
mesityl-10-phenylacridinium tetrafluoroborate) was shown to out-perform catalyst 4. Under these 
conditions, 2-phenylethanol is observed in a 76% 1H NMR yield (Figure 2.32).  
Figure 2.32: The direct catalytic anti-Markovnikov hydration of β-methylstyrene in water 
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 Our final objective in regards to the direct catalytic anti-Markovnikov hydration of olefins is to be 
able to produce industrially relevant alcohols, such as terminal aliphatic alcohols, in water using 
photoredox catalysis. In order to do so, new catalysts, with increased oxidizing power, as well as a new 
generation of thiol hydrogen-atom donors are being designed and synthesized in the Nicewicz 
laboratories.  
2.14 – Concluding remarks 
 In this chapter we have seen how a photoredox catalyst coupled with a redox-active hydrogen-
atom donor has allowed for the development of several addition reactions with complete anti-
Markovnikov selectivity. The manifold was designed so as to allow for the addition of rather difficult, 
unactivated nucleophiles such as hydrogen fluoride, hydrogen chloride, phosphoric acids, sulfonic acids 
and water. The first half of the chapter, in which other transformations capable of promoting the addition 
of nucleophiles with anti-Markovnikov selectivity were described, allows for the comparison our 
photocatalytic manifold to a previous body of work. It demonstrates the power and versatility of our 
methodology.  
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 CHAPTER 3: POLAR-RADICAL CROSSOVER CYCLOADDITION OF ALKENES AND 
ALLYLIC NUCLEOPHILES 
 In the previous chapter the direct catalytic anti-Markovnikov addition of nucleophiles to alkenes 
was described. In particular, the manifold allowed for the photocatalytic addition of hydrogen fluoride, 
sulfonic acids and water across carbon-carbon double bonds. These transformations proceeded through 
the intermediacy of alkene radical-cations, a reactive class of synthetic intermediates, which interact with 
nucleophiles selectively whit anti-Markovnikov selectivity. We have shown that alkene radical-cations 
can be generated with ease from unactivated olefins through the use of a photoredox catalyst. In 
particular, 9-mesityl-10-methylacridinium and related derivatives were shown to promote the desired SET 
oxidations of a wide variety of alkenes. Lastly, these transformations were brought to full practical 
development thanks to the discovery of various redox active hydrogen-atom donors, capable of affording 
the desired products and turning-over the catalyst.   
 In the following chapter, a logical extension of the chemistry described in Chapter 2 will be 
discussed. The previously explored direct addition of nucleophiles profited from the polar, cationic 
character of alkene radical-cations. The polar-radical crossover cycloaddition manifold (PRCC), to be 
described next, resulted from the hypothesis that their radical character could be further exploited. 
3.1 – The polar-radical crossover cycloaddition of alkenes and allylic nucleophiles: guiding 
principles. 
  
 The previous methodologies afforded hydrofunctionalized compounds from alkenes via a two-
step transformation. Upon formation of the alkene radical-cation intermediate a distinct polar addition 
step is followed by radical hydrogen-atom transfer. We have seen that one of the main advantages of this 
methodology was the high level of regiocontrol that could be exerted in the polar step. Critical to this 
innovation was the ability to segregate polar and radical reaction vectors by employing the redox-active 
hydrogen-atom donor. We hypothesized that we could further capitalize on this observation by adding a 
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complexity building radical step after the polar addition, which could be achieved using an allylic 
nucleophile. This intermolecular encounter would produce five-membered heterocycles with varying 
substitution patterns (Figure 3.1).  
Figure 3.1: The radical-cation mediated polar-radical crossover cycloaddition 
 
 
 
 
 
 
 
 
 
 
  
 We proposed that upon alkene radical-cation formation, the allylic nucleophile would add with 
anti-Markovnikov selectivity. Following this initial carbon-heteroatom bond formation, the proximity of 
the alkyl radical to the pendant C-C π bond would promote an intramolecular 5-exo radical cyclization. 
Lastly, upon heterocycle formation a well-suited hydrogen-atom donor would be required to quench the 
final radical species.  
 The combination of successive polar and radical steps to afford cyclization type products is 
termed Polar-Radical Crossover Cycloaddition (PRCC).  
3.2 – Key precedents in the field of polar-radical crossover cycloaddition 
 The first modern example of the combination of an anionic polar reaction with a radical 
cyclization in a tandem process was reported by the Jahn group1 in 2000. Their synthesis of 
functionalized pyrrolidines succesfully combined a lithium amide conjugate addition with a single 
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electron transfer promoted radical 5-exo cyclization. The sequential transformation involved pre-
formation of lithium allyl amides followed by conjugate addition to tert-butyl enoates at -78 ºC. At this 
temperature, a variety of N-allyl-β-amino esters could be formed and were submitted to SET oxidation 
using ferrocenium hexafluorophosphate as a stoichiometric oxidant. This oxidative step produced α-
carbonyl radicals capable of undergoing 5-exo cyclization with the pendant C-C π bonds. Finally, 
TEMPO was employed to quench the final alkyl radicals (Figure 3.2). 
Figure 3.2: Synthesis of pyrrolidines via the polar-radical cycloaddition of lithium amides and α,β-
unsaturated esters 
 
 
 
 
 
 
 
  
 The combination of lithium amide formation with SET oxidation allowed for the synthesis of the 
desired pyrrolidine products from a few substrates. However, due to the harsh conditions used the scope 
was found to be quite limited. Furthermore, a mixture of products was often observed; a testament to the 
importance of rate matching for each intermediate step in tandem processes. Nonetheless, Jahn’s 
methodology served as an important proof of principle. It showed that the same pot combination of polar 
and radical vectors is possible, and crossover reactivity can ensue. 
 A related manifold was employed by the Chemla group to synthesize functionalized pyrrolidines 
via a tandem Michael addition/5-exo radical cyclization crossover pathway2,3. The synthesis of 3,4-
disubstituted-3-methoxycarbonyl pyrrolidines (Figure 3.3, (2)) was derived from the addition of zincated 
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or copper-zinc mixed organometallics with a pre-synthesized Michael acceptor (1). It was found that 
lithium zincates afforded cyclization products if, upon Michael addition, one equivalent of zinc dibromide 
was added to the reaction mixture. Similarly, the researchers found that the pre-formation of the mixed 
nBuCu(CN)ZnBr/LiBr (prepared from nBuLi and a mixture of CuCN and ZnBr2 in diethyl ether) 
bypassed the need for the addition of ZnBr2 as an additional step, and the desired pyrrolidines were 
obtained in good yields upon hydrolysis. The transformation proceeded via the intermediacy of a carbon-
centered zinc enolate (3), which strongly resembles a carbon-centered radical. The 5-exo radical 
cyclization thus ensues thanks to the close proximity of the pendant C-C π bond. The high levels of 
diastereoselectivity observed were believed to arise from a chelation effect capable of bridging the 
nitrogen lone-pair with the ester carbonyl, which controlled the shape if the transition state.   
Figure 3.3: Pyrrolidine synthesis via a Michael addition/5-exo radical cyclization sequence 
 
 
 
 
 
 
 
  
 Although the previous transformation did not employ an oxidant to generate a carbon-centered 
radical, it relied on the use of stoichiometric amounts of zincates or mixed copper-zinc organometallics. It 
is therefore closely related to the work done by Jahn and co-workers and thus represents an important 
precedent to our own polar-radical transformation.  
 Since these reports, other polar-radical crossover methodologies have been developed, which are 
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precursors4–7. Many of these transformations, however, are not one-pot reactions but are rather composed 
BnN
CO2Me
(1)
1)- nBu3ZnLi
2)- 3 equiv. ZnBr2
3)-NH4OH (hydrolysis)
BnN
Me
CO2Me
nBu
BnN
Me
CO2Me
nBu
2a 2b
54% yield
> 95:5 d.r.
BnN
CO2Me
(1)
1)- nBuCu(CN)ZnBr-LiBr
2)-NH4OH (hydrolysis)
BnN
Me
CO2Me
nBu
BnN
Me
CO2Me
nBu
2a 2b
43% yield
 93:7 d.r.
N Cu(CN)ZnBr
OMeO
Bn
M
(3)
nBu
! 73 
of two-step sequences. For this reason, they will not be discussed in more detail. 
 In 2012 a powerful crossover cycloaddition was reported by the MacMillan group8. It involved 
the enantioselective cycloaddition of olefins and aldehydes under catalytic conditions. It was based on the 
SOMO-catalysis platform that had been designed in the MacMillan laboratories over the years and 
involved a formal (3+2) annulation between β-amino aldehydes and olefins. The design principle 
comprised the use of the famed imidazolidinone catalyst, capable of condensing onto aldehydes prior to 
undergoing a SET oxidation. The oxidation step afforded an enamine cation-radical, a species known to 
rapidly participate in radical couplings with alkenes. The radical generated upon coupling could be 
oxidized to reveal a carbocation, which could be intercepted intramolecularly by the pendant protected-
amine to yield the desired pyrrolidine product. 
Figure 3.4: Pyrrolidine synthesis via the olefin-aldehyde SOMO cycloaddition 
 
 
 
 
 
 
 
  
 The researchers found that employing iron(III)phenanthroline as the stoichiometric oxidant 
allowed for the desired reactivity to be observed. Interestingly, when the chiral catalyst was employed, it 
was found that the nature of the protecting group on nitrogen had a strong effect on both the 
diastereoselectivity as well as the enantioselectivity of the cycloaddition. More electron withdrawing 
protecting groups increased the observed levels of diastereocontrol. The researchers believed that they 
rendered the amine less nucleophilic, thus allowing for a later, more organized pyrrolidine-like transition-
state (Figure 3.4). 
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Under optimized condtions, a range of styrenes was shown to undergo cycloadditions in good yield and 
high enantioselectivity and diastereoselectivity. Even though the proposed mechanism involves the 
formation of a benzylic carbocation, styrenes with electron withdrawing substituents at all three positions 
were well tolerated under these conditions. Vinyl heteroaromatics also undergo the desired 
transformation, along with aliphatic alkenes and dienes albeit with lower diastereoselectivity (Figure 
3.5). 
Figure 3.5: Select examples of pyrrolidines synthesized via the SOMO cycloaddition 
 
 
 
 
 
 
 
 
 
  
 
 The MacMillan polar-radical cycloaddition was particularly unique because the polar nature of 
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heterolysis to release a phosphate anion and generate a radical-cation. This equilibrium was thought to 
occur in vivo. 
 In order to probe the proposed mechanism Gieser and co-workers synthesized the nucleotide 
analog (4). This substrate contained a selenide substituent, which could be easily cleaved via UV light 
irradiation to reveal the desired carbon-centered radical. The researchers argued that if heterolysis 
occurred upon radical formation, allyl alcohol could intercept the radical-cation thus formed. If the 
tetrahydrofuran product of a polar-radical crossover cycloaddition were observed, it would support their 
hypothesis for the formation of a radical-cation intermediate (Figure 3.6).  
 Submitting (4) to UV irradiation in the presence of 3.0 equivalents of the hydrogen-atom donor 
tributyl tinhydride, afforded the expected bicyclic products (6) and (7) in a 38% overall yield. The 
regioisomers (6) and (7) both arise from the same radical-cation intermediate (5), so that under these 
conditions, the initial nucleophilic addition proceeds with a regioselectivity of 2.5:1. Besides the specific 
nature of the substrate studied as well as the overall modest yield and regioselectivity observed for the 
cycloaddition, this important example provided us unambiguous evidence that C-C radical-cations could 
efficiently participate in polar-radical crossover cycloadditions with allylic nucleophiles. 
Figure 3.6: β-(Phosphatoxy)alkyl radical generated radical-cation PRCC reaction with allyl alcohol 
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(Phosphatoxy)alkyl radicals and allyl alcohol. The same heterolysis behavior was observed with a β-
(Phosphatoxy)alkyl radical generated via UV light mediated photolysis of an O-acyl thiohydroxamate 
ester (Barton ester, PTOC) substituent. The highly pre-functionalized substrate (8) thus underwent a 
polar-radical crossover cycloaddition with allyl alcohol, presumably via the same radical-cation mediated 
mechanism. tert-Butylthiol was found to be a competent hydrogen-atom donor to yield the desired 
tetrahydrofurans, although two equivalents of thiol were required. While the previous example by Gieser 
and co-workers focused on the functionalization of a nucleotide, the methodology reported by Newcomb 
and Crich demonstrated that linear hydrocarbons could also undergo cycloaddition. Substrates bearing a 
phenyl substituent as well as other electron withdrawing aromatics underwent the cycloaddition in good 
yields (Figure 3.7).  
Figure 3.7: Tetrahydrofuran synthesis via the PRCC between allyl alcohol and β-phosphatoxy Barton 
esters 
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two diastereomers of the products were observed, the diastereoselectivity for the cyclization was found to 
be rather high, considering the radical nature of the step. Models for this diastereoselectivity will be 
discussed later in the chapter. 
 The use of highly pre-functionalized substrates and the low atom economy observed for the 
previous transformation precludes its widespread use in preparative settings. However, the radical-cations 
employed generated upon photolysis of the Barton ester are akin to the intermediates that can be 
generated directly from the SET oxidation of alkenes. This methodology thus served as a key precedent 
for the transformation we sought to develop. 
3.4 – The synthesis of highly functionalized tetrahydrofurans via the polar-radical crossover 
cycloaddition of olefins and alkenols.  
  
 In the following section the development of a convergent, atom-economical synthesis of 
tetrahydrofurans will be reviewed. It will be shown that alkene radical-cations generated by a photoredox 
catalyst undergo a polar-radical crossover cycloaddition (PRCC) with a variety of alkenols in the presence 
of a redox active hydrogen atom donor.  
3.4.1 – The guiding principle for the PRCC of alkenes and alkenols  
Figure 3.8: Design principle of the direct catalytic tetrahydrofuran synthesis via PRCC 
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intermediate could be accessed from simple, unfunctionalized olefins under catalytic conditions by 
employing the photoredox template presented on chapter 2; namely, the combination of the 9-mesityl-10-
methylacridinium catalyst and a redox-active hydrogen atom donor. In particular, we hoped that this 
catalytic approach would greatly expand the reactivity described by Newcomb and Crich, as it would 
allow for the use of a variety of simple olefins and alkenols to afford highly functionalized 
tetrahydrofurans in good yield and with complete atom economy (Figure 3.8).  
3.4.2 – Precedents in intermolecular tetrahydrofuran synthesis: two important disconnections 
 The tetrahydrofuran ring is a ubiquitous motif in synthetic chemistry. In particular, this 
heterocycle is a common structural element present in a wide variety of naturally occurring molecules of 
biological relevance, including a number of lignans and polyether antibiotics9. For this reason, a number 
of methodologies have been developed to construct this motif. Although many are intramolecular and 
substrate dependent, several direct catalytic transformations have been devised over the years, and are 
based on different disconnections. Common strategies include the well-established carbonyl ylide dipolar 
cycloaddition10 and the Prins-Pinacol reaction11. Modern intermolecular strategies relying on simple 
substrates include the Oshima-Utimoto reaction and the Lewis acid assisted [3+2] cycloaddition of donor-
acceptor cyclopropanes and aldehydes. Both strategies have been rendered catalytic and allow for distinct 
disconnection to access tetrahydrofurans. 
 Earlier reports of the use of cyclopropanes in 1,3-dipolar cycloadditions with carbonyl 
compounds showed that this disconnection represented a powerful entry into the synthesis of 
tetrahydrofurans. It wasn’t however until Johnson and co-workers reported their work on donor-acceptor 
cyclopropanes that a truly catalytic synthesis of tetrahydrofurans became possible using only simple 
cyclopropanes and aldehydes. In their first report12 the Johnson group showed that when catalytic 
amounts of tin(II)triflate were employed, cyclopropanes bearing a malonyl diester acceptor group and a 
phenyl substituent as the carbon-based donor underwent a formal [3+2] cycloadditions with a variety of 
aldehydes. Although alkyl substituted aldehydes were found to be sub-optimal substrates for the 
transformation, most electron-rich and electron-deficient aldehydes tested yielded the desired 
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heterocycles in good yields and virtually complete cis diastereoselectivity. In a later report13, it was shown 
that alkyl substituted aldehydes could be integrated into the substrate scope if tin(IV)chloride was 
employed instead of tin(II)triflate. More importantly, however, this second report helped shed light on the 
reaction mechanism by which the transformation proceeded.  
Figure 3.9: Synthesis of tetrahydrofurans via Lewis acid-catalyzed cyclopropane-aldehyde cycloaddition 
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unexpected SN2 displacement, in which the aldehyde acted as a nucleophile inverting the stereochemistry 
at the phenyl-substituted C2 carbon (Figure 3.9-B). 
 In later reports, the [3+2] methodology was expanded through a palladium-catalyzed process 
capable of generating π−allyl complexes with donor-acceptor vinylcyclopropanes14. Finally, a dynamic 
kinetic asymmetric transformation was also developed, which allowed for an impressive asymmetric 
synthesis of tetrahydrofurans from racemic mixtures of donor-acceptor cyclopropanes15. It relied on the 
use of a chiral pybox ligand on Mg(II). This Lewis acid catalyst was found to promote the interconversion 
of the cyclopropane enantiomers while catalyzing the cycloaddition preferentially with one enantiomer. 
  In the previous example, the disconnection to form the desired heterocycle occurred between O1-
C5 and C2-C3 (cf. Figure 3.9). The Oshima-Utimoto reaction, however, allows for new bond formation to 
occur between O1-C2 and C3-C4 (cf. Figure 3.10) and, similarly to our reaction design, also employs 
allylic alcohols as substrates.  
 In a 1987 report, Oshima and co-workers disclosed a palladium(II)-mediated cycloalkenylation 
reaction between allylic alcohols and vinyl ethers to afford tetrahydrofurans in a single step. Pd(OAc)2 
was used as a stoichiometric promoter allowing for initial enol-ether activation towards the alkenol 
nucleophile, followed by intramolecular olefin insertion and β-hydride elimination to yield the desired 
heterocycles. Due to the nature of the substrates used, the tetrahydrofurans formed in this reaction bore an 
ether substituent at C2. Interestingly, only butyl vinyl ether afforded the desired tetrahydrofuran 
selectively; changing to ethyl or methyl vinyl ethers afforded an undesired tetrahydropyran preferentially.  
 In 2005 Morken and co-workers further studied the Oshima-Utimoto reaction, and demonstrated 
that the use of copper as a stoichiometric oxidant allowed for Pd(OAc)2 to be employed as a catalyst. 
When at carried out at 55 ºC in acetonitrile with 10 mol% of palladium(II)acetate a variety of alkenols 
were efficiently coupled to butyl vinyl ether. Both aliphatic and aromatic allyl alcohols proceeded to the 
desired tetrahydrofurans in modest to good yields. High levels of diastereoinduction were observed for 
the cyclization, which resulted in a trans relationship between substituents at C4 and C5 for all 
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heterocycles formed. On the other hand, no selectivity was observed at the anomeric carbon (Figure 
3.10), with a ratio of epimers of ca. 1:1 for all heterocycles. 
 The transformation was rationalized by a proposed mechanism involving initial formation of the 
oxonium ion (8), which supposedly arose not from π-complexation but rather from the formation of a Pd-
C σ-bond (cf. Figure 3.10). Being activated towards nucleophiles, (8) could undergo addition with the 
alkenols. The addition step was followed by a carbopalladation that was believed to proceed via a chair-
like transition-state, which was ultimately responsible for the trans configuration observed at C4 and C5. 
Finally, β-hydride elimination afforded the desired heterocycle along with a catalytic equivalent of Pd(0), 
wich required re-oxidation back to Pd(II). 
Figure 3.10: Pd-catalyzed Oshima-Utimoto: select examples and proposed mechanism 
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settings. We believed, however, that the photoredox catalytic transformation whose design was described 
within section 2.4.1 would be a powerful complement to the existing manifolds. It would allow for the 
generation of highly substituted tetrahydrofurans from commercially available, or at the very least easily 
synthetized, substrates.  
Figure 3.11: Comparing our reaction design to previous methodologies. Photoredox catalysis would 
allow for fully substituted tetrahydrofurans from simple substrates 
 
 
 
 
 
 
 
 
 
3.4.3 – Initial results and reaction optimization 
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we were still unsure about whether a benzylic radical would easily undergo 5-exo cyclization to afford a 
highly unstable terminal radical. If the rate of radical cyclization were similar or slower than that of 
hydrogen-atom abstraction, the formation of the anti-Markovnikov hydroalkoxylation product could 
compete with cycloaddition.  
Figure 3.12: Anethole and 4-methoxystyrene are unreactive towards prenol 
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radical upon cycloaddition, which we believed would enhance the rate of cyclization and hydrogen-atom 
transfer. 
 As was the case in Newcomb and Crich’s report, the allylic alcohol (prenol in our case) was used 
as the solvent as we started screening for conditions. When submitting both anethole (4-methoxy-β-
methylstyrene) and 4-methoxystyrene to irradiation with blue light in a solution composed of 5 mol % of 
9-mesityl-10-methylacridinium perchlorate (catalyst 1b) and one equivalent of 2-phenyl-malononitrile in 
prenol, no product formation could be observed. When using prenol as a reagent (10 equivalents) 
chlorinated solvents, nitromethane, acetonitrile and toluene were tested to probe whether a change in 
solvent would enable the desired reactivity. Unfortunately when both anethole and 4-methoxystyrene 
were tested in these solvents, no cycloadduct could be observed by 1H NMR (Figure 3.12-B). 
 It wasn’t until the identity of the alkene substrate was changed to β-methylstyrene that reactivity 
could be observed. First in toluene, with ten equivalents of prenol, 5 mol % catalyst 1b and one 
equivalent of 2-phenyl-malononitrile what appeared by 1H NMR to be 12% of the desired cycloadduct 
was formed in a ca. 1:1 ratio of two diastereomers. A solvent screen revealed that nitromethane was a 
competent solvent for the transformation. At this point 56% of the desired tetrahydrofuran could be 
isolated after 12 hours, with about half of the remaining mass balance corresponding to unreacted β-
methylstyrene. Isolation allowed us to clearly identify the recovered product as 1.1:1 mixture of 
diastereomers (Figure 3.13-A). 
 In order to assess whether the nature of the hydrogen-atom donor was indeed a critical factor in 
allowing for the cyclization to occur, several hydrogen-atom donors were tested with prenol as the alkenol 
nucleophile in nitromethane. A negative control was also included, in which no donor was employed. 
Interestingly, tert-butylthiol, the hydrogen-atom donor employed by Newcomb and Crich failed to afford 
the desired tetrahydrofuran. On the contrary, only small quantities of the uncyclized ether adduct was 
observed after 12 hours. Out of the other four donors tested, only 2-phenylmalononitrile and 9-
phenylfluorene afforded detectable quantities of the desired heterocycle. With a 56% 1H-NMR yield after 
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12 hours, 2-phenylmalononitrile was shown to be the preferred hydrogen-atom donor out of the 
compounds tested (Figure 3.13-B). 
Figure 3.13: Nitromethane is the preferred solvent and 2-phenylmalononitrile the preferred hydrogen-
atom donor 
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reaction was much cleaner by 1H-NMR, and at that point it seemed clear that allyl alcohol was a more 
efficient reagent for the cycloaddition than prenol. 
 For this reason, another round of optimization was conducted using allyl alcohol as the preferred 
alkenols nucleophile for the transformation. It was found that using less than one equivalent of 2-
phenylmalononitrile as the redox active hydrogen-atom donor significantly slowed the reaction and 
produced lower yields of the desired tetrahydrofuran. Gratifyingly, the transformation proceeded well 
with only 2.5 mol% of catalyst 1b.  
 Due to the increased volatility of cyclic ethers dichloromethane (b.p. 40 ºC) was used as a solvent 
instead of nitromethane (b.p. 101 ºC), nonetheless, the average isolated yield for the cycloadduct between 
allyl alcohol and β-methylstyrene was reported as 63% (compound OC1). The tetrahydrofuran product 
was isolated as a mixture of three diastereomers (in a 10:6:1 ratio). Lambert and co-workers had 
previously reported compound OC1, albeit with a different ratio of diastereomers. This report16 guided 
our elucidation and assignment of the different diastereomers formed. Although we believed that further 
spectroscopic experiments were necessary to truly assign the identity of the three diastereomers formed, it 
seemed at least initially that the major diastereomer possessed a cis relationship between the substituents 
at C3 and C4. The third diastereomer seemed to possess a cis relationship between the substituents C3 and 
C4 as well as C2 and C3 , and would arise from the alkenol adding onto small quantities of cis-β-
methylstyrene radical-cation formed in situ via bond rotation from trans-β-methylstyrene. Since the third 
diastereomer was repeatedly formed in diminished yields and for only a few substrates (<7%), for all 
products tested and reported herein, only the ratio of the two major diastereomers will be given. 
Unfortunately, the mixtures of diastereomers were found to be inseparable by column chromatography. 
3.4.4 – Reaction scope 
 Given our initial success in using trans-β-methylstyrene as a substrate for cycloaddition with allyl 
alcohol and due to the formation of the previously described third diastereomer, cis-β-methylstyrene was 
also tested as a substrate for cycloaddition. A higher isolated yield of 80% was obtained, although the 
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identity of the major diastereomer and the diastareomeric ratio remained unchanged. This result suggested 
an equilibrium occurring in solution between the cis- and the trans-β-methylstyrene radical-cations. 
When 4-chloro-β-methylstyrene (as a mixture of cis and trans isomers) was submitted to our optimized 
reaction conditions, an isolated yield of 70% was obtained (compound OC2), along with a diastereomeric 
ratio of 10:6:1 (reported as 1.7:1). On the other hand, the bicyclic indene substrate, which can only 
generate a cis radical-cation upon oxidation, was not only found to be a competent substrate for the PRCC 
(63% isolated yield, compound OC3) but also afforded the desired heterocycle as a mixture of only two 
diastereomers, further corroborated the previously discussed assignment. Another cyclic alkene, 1-
phenylcycohexene afforded the corresponding cyclic ether (compound OC4) in a 60% isolated yield and a 
1.2:1 ratio of the two observed diastereomers (Figure 3.14).  
Figure 3.14: Scope of the PRCC with allyl alcohol in regards to the alkene component 
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alkenol) and allyl alcohol was observed in the crude reaction mixture. Furthermore, these substrates 
demonstrated that both free alcohols and esters were well-tolerated moieties under our reaction 
conditions.  
 Finally, the scope in regards to the oxidizable alkene was expanded beyond styrenyl substrates. 
The aliphatic trisubstituted 2-methylbut-2-ene, with a higher oxidation potential, was also shown to yield 
a highly substituted tetrahydrofuran (compound OC7) in 95% 1H-NMR yield and a 3:1 ratio of 
diastereomers. A 1H-NMR yield was reported for this product due to its increased volatility and difficulty 
in isolation.  
Figure 3.15: Scope of the PRCC with β-methylstyrene in regards to the alkenol component 
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(OC8). In order to probe the effect of resident stereochemistry on the cycloaddition, 2-methallyl alcohol 
was employed. Gratifyingly, it yielded only two out of possible eight diastereomers of the fully 
substituted tetrahydrofuran (OC9). Finally, two alkenols containing functional groups were tested under 
these conditions. First, cis-2-butenediol afforded the cyclic ether with a pendant terminal alcohol in 78% 
yield. No signs of dimerization or oxidation of the alcohol could be observed, once again highlighting that 
free alcohols are well tolerated in this transformation. Protected amines are also left unperturbed by the 
cycloaddition, as witnessed by the formation of compound OC11 (Figure 3.15). 
 In addition to the cycloaddition to afford five-membered heterocycles, the formation of a 
tetrahydropyran adduct was also attempted under the conditions optimized for tetrahydrofurans. 
Homoallyl alcohol was used for this reaction, and gratifyingly produced 32% of the desired six-
membered cyclic ether. Although non-optimized for this mode of cyclization, the formation of a pyran 
served as a proof of principle that 6-exo cyclizations, which are known to be slower than 5-exo, can also 
be carried out under photoredox conditions. The remainder of the mass balance was attributed to the non-
cyclized ether, which is the product of a simple anti-Markovnikov hydroalkoxylation.  
Figure 3.16: PRCC of cis-butenediol and non-styrenyl alkenes and dienes 
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our system via targeted transformations on the exo-methylene unit. 
 Inspired by the formation of OC6 (cf. Figure 3.14), 2-methylbut-2-ene was once again submitted 
to our reaction conditions but with cis-2-butenediol instead as the alkenol component. We believed that 
switching from allyl alcohol to cis-2-butenediol would produce a cyclic ether with a higher boiling point. 
Methylcyclopentene also afforded the desired bicyclic ether product OC15 in moderate yield. 
Interestingly, cyclohexadiene furnished the expected cycloadduct in 57% yield with an intact alkene 
moiety for further synthetic manipulations (Figure 3.16). 
 After determining the scope of the polar-radical crossover cycloaddition of alkenes and alkenols 
in regards to both reactive components, we decided to investigate the origins of the observed 
diastereoselectivity.  
3.4.5 – Diastereoselectivity: assignment, origins and rationalization 
 As described earlier, for the cycloadduct OC1 formed by the reaction of allyl alcohol with β-
methylstyrene, the major diastereomer was assigned as the one possessing a trans relationship between 
the substituents as C2-C3 and cis between the substituents at C3-C4. The C3-C4 assignment was based on a 
report by Lambert and co-workers, while the C2-C3 assignment was based on experimental data collected 
for alkene substrates possessing a locked alkene geometry (OC3 and OC4).  
 In order to either corroborate or disprove this initial assignment, NOESY experiments were 
conducted on a number of cyclic ether products. However, the interpretation of the signals was 
complicated by the fact all cyclic ethers generated via our photoredox catalyzed PRCC were recovered as 
an inseparable mixture of diastereomers. NOESY was nonetheless employed to assign the major 
diastereomer of OC6 (cf. Figure 3.14) as the cis C2-C4, since a strong NOE signal was observed between 
the protons at C2 and C4. The nature of the major diastereomer of OC10 (cf. Figure 3.15) was also 
determined by both NOESY and COSY experiments (all NOESY and COSY spectra are given in 
Appendix 2). 
 For OC1 however, the interpretation of the NOESY spectra was found to be rather inconclusive. 
For the major diastereomer of OC1 a weak NOE signal was observed between the proton at C4 and the 
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methyl substituent at C2, which would corroborate the cis assignment, but we found that the signal was 
too faint to be conclusive. We believed instead that the more rigid bicyclic ether OC3 would potentially 
generate stronger NOE signals, however, because of overlapping 1H NMR signals, no clear assignment 
could be made. Finally, the nature of the major diastereomer of OC1 and structurally related cyclic ethers 
was assigned using anisotropic shielding arguments combined with Lambert’s assignment.   
Figure 3.17: Assignment of the major diastereomer and Beckwith model for 5-exo radical cyclizations 
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at C4 on the minor diastereomer by Δδ = +0.15 ppm. These observations combined with Lambert’s 
reported assignment made a strong case for assigning the major diastereomer formed in our reaction as 
being the cis isomer (Figure 3.17-A).   
 A Beckwith-type model can be invoked to rationalize the assignments for the major and minor 
diastereomers formed in the course of the PRCC reaction. In this model, an envelope-like conformer is 
presumed to be the lowest energy conformer that leads to the major diastereomer. Although the 
transformation proceeded with low levels of diastereoselectivity at C3-C4, as is usually the case with open 
shell radical cyclizations, the Beckwith model seemed to predict an outcome for the cyclization that fit 
well with our previously discussed assignment and data (Figure 3.17-B). 
3.4.6 – Addressing the low diastereoselectivity via a two step procedure 
 We considered next a two-step solution for the low diastereoselectivity observed in the course of 
the PRCC reaction. The transformation between propargyl alcohol and β-methylstyrene yielded OC14 
with a C4-exo-methylene substituent as virtually a single diastereomer. We thought that a hydrogenation 
procedure could provide cyclic ethers with a C4-methyl substituent with higher d.r. than the parent PRCC 
reaction with allyl alcohol. We believed that a substrate such as indene would provide us with an 
advantageous C4-exo-methylene product with a clear concave and convex face, as hydrogenations are 
known to proceed with high facial selectivity for such systems. Unfortunately, all attempts at adding 
propargyl alcohol to indene yielded an undesired dimer (cf. Figure 3.18) and failed to afford the desired 
adduct. It seemed that upon 5-exo radical cyclization the addition of a second equivalent of indene to the 
terminal radical proceeded with a faster rate than hydrogen-atom abstraction. All attempts at re-
optimizing the reaction conditions, such as using a different hydrogen-atom donor or increasing the 
equivalents of 2-phenylmalononitrile used, failed to afford the C4-exo-methylene product. 
 We were pleased, however, to find that the reaction of dihydronaphtalene and propargyl alcohol 
under our standard photoredox catalytic conditions afforded the desired C4-exo-methylene adduct. 
Following isolation, the tricyclic ether was submitted to hydrogenation conditions and afforded the C4-
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methyl heterocycle in 14:1 d.r. and 40% overall yield. We attributed the high levels of diastereocontrol to 
the selective hydrogenation from the convex face of the tricycle. This two-step procedure afforded what 
would be the major diastereomer from the direct PRCC reaction with allyl alcohol.  
 Conversely, the direct hydrogenation of C4-exo-methylene product OC14 furnished what would 
typically be the minor diastereomer of OC1, thus further supporting our previous assignment. The 
hydrogenation procedure of simple C4-exo-methylene tetrahydrofurans could thus represent an alternative 
to access what would the minor diastereomer from the PRCC reaction with allyl alcohol.  
Figure 3.18: Circumventing the low diastereoselectivity via a two-step PRCC followed by hydrogenation 
procedure 
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Hydrogen-atom abstraction generates one catalytic equivalent of 2-phenylmalononitrile radical, which is 
oxidizing enough to regenerate the catalyst and produce 2-phenylmalononitrile anion. With a pKa = 4.2 in 
DMSO19 the anion is basic enough to deprotonate the oxonium ion and afford the desired tetrahydrofuran. 
Figure 3.19: Proposed mechanism for the PRCC reaction of alkenes and alkenols 
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rearrangement/Mannich cyclization28. Pyrrolidine syntheses involving amines and alkenes as substrates 
are well precedented, but afford the desired heterocycle via an intramolecular transformation29–33. To the 
best of our knowledge, MacMillan’s organo-SOMO approach is the only example of an intermolecular 
pyrrolidine synthesis utilizing these substrate classes8. For this reason, the development of a photoredox 
catalyzed PRCC reaction of alkenes and allylic amines would represent an important addition to the 
repertoire of pyrrolidine-forming transformations. 
3.5.1 – PRCC reaction of alkenes and allylic amines: initial considerations and results.  
Figure 3.20: Testing the effect of H-Atom donors on the PRCC reaction between β-methylstyrene and N-
allyl-trifluoromethanesulfonamide  
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intermolecular anti-Markovnikov hydroamination of β-methylstyrene was conducted using 
trifluoromethanesulfonamide as the nucleophile, we decided to investigate the use of N-allyl-
trifluoromethanesulfonamide as the nucleophile for the PRCC reaction.   
 Using the optimized conditions developed for the PRCC reaction between alkenes and alkenols, 
five equivalents of triflyl protected allyl amine failed to yield the desired product with β-methylstyrene in 
more than 10% 1H NMR yield. In order to improve the yield of the reaction, a screening of the hydrogen-
atom donor was conducted (Figure 3.20). Surprisingly, out of the most commonly tested reagents in the 
Nicewicz laboratories, 9-cyanofluorene afforded 38% of the desired pyrrolidine product by 1H NMR. Due 
to the use of five equivalents of protected amine, assigning yields based on 1H NMR signals was 
somewhat convoluted due to overlapping signals. Nonetheless, the 1H NMR yield could be derived from 
the methyl substituents at C2 and C4, which weren’t masked by more prominent peaks. Although this 
initial result was promising, we were discouraged by two factors. First, along with 38% product formation 
the complete consumption of β-methylstyrene was observed, so that longer reaction times would not 
afford an increase in yield. Second, attempts at isolating the pyrrolidine product by column 
chromatography were unsuccessful. The desired heterocycle co-eluted with both N-allyl-
trifluoromethanesulfonamide, which was employed in large excess, as well as with 9-cyanofluorene. The 
inability to isolate the pyrrolidine product prevented us from being able to fully characterize the 
heterocycle and from acquiring an isolated yield for this transformation. We hoped that by optimizing the 
transformation and increasing the yield of pyrrolidine formed, product isolation would become more 
tractable. However, common optimization protocols such as screenings of solvents, concentrations, 
relative ratios of substrates and catalysts failed to afford the desired pyrrolidine product in higher than 
38% 1H-NMR yield. 
 Next, we turned our attention to probing different nitrogen protecting groups on the allylic 
nucleophile. Eleven different protecting groups were probed, and varied from electron-rich protecting 
groups  such as benzyl, to electron-withdrawing groups such as carbamates, acetates and a variety of 
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sulfonates with both electron-donating and withdrawing substituents on sulfur (Figure 3.21). To our 
surprise, other than N-allyl-trifluoromethanesulfonamide only Boc-protected allyl amine afforded the 
desired pyrrolidine product. Even though the 1H NMR spectrum of the crude reaction mixture with N-
Boc-allyl amine was difficult to interpret due to the formation of two rotamers for each diastereomer 
formed in the course of the reaction, the methyl substituent at C4 was well enough defined to be used for 
an estimation of the 1H NMR yield. The observed 1H NMR yield for this transformation was close to 40% 
with a lower 1:1 ratio of diastereomers.  
Figure 3.21: Testing the effect of nitrogen protecting groups on the PRCC reaction with β-methylstyrene  
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 We do not have a clear explanation as to why the more electron-rich N-Boc-allyl amine afforded 
a yield comparable to that of the significantly more electron-deficient N-allyl-
trifluoromethanesulfonamide, whereas all the other sulfonate and acetate protecting groups failed to 
promote significant pyrrolidine formation. A possible explanation will be considered in the following 
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section and involves a discussion on the acidity and nucleophilicity requirements of the transformation. 
Finally, the addition of varying amounts of base such a 2,6-lutidine had a deleterious effect on the 
transformation, and even loading as low as 10 mol% impeded the desired reaction for both protecting 
groups. 
 Because triflates are harder to deprotect than carbamates, we decided to continue our 
investigations using Boc as the preferred protecting group on nitrogen. Secondly, due to the foreseen 
formation of rotamers and for the sake of easier 1H NMR interpretations, Boc-protected methallyl amine 
was employed as a nucleophile for the following round of optimizations, as it would produce the desired 
heterocycle as a single diastereomer.  
 Using five equivalents of N-Boc-methallylamine relative to β-methylstyrene, with 9-
cyanofluorene as the hydrogen-atom donor, the desired pyrrolidine was observed after 48 hours by both 
1H-NMR and GC-MS. However, because of the broadening and coalescence of all methyl peaks due to 
rotamer formation, reliable 1H-NMR yields could not be extracted. This reaction was then optimized for 
catalyst, hydrogen-atom donor, catalyst loading, solvent and concentration. No significant changes were 
observed on either the 1H-NMR spectra or the GC trace. However, since chloroform afforded cleaner 
spectra it was chosen as a preferred solvent for the cycloaddition. After this round of optimizations, the 
isolation of the desired pyrrolidine product was attempted on a larger reaction scale. We found that the 
isolation of this produt was also difficult, as it also co-eluted with both the hydrogen-atom donor and the 
amine substrate. Upon silica gel chromatography, the fractions containing the desired product were 
determined via GC-MS and collected. The mixture was submitted to deprotection conditions consisting of 
a 1:1 mixture of trifluoroacetic acid and dichloromethane. Upon drying, the salts were basified and 
submitted once again to silica gel chromatography. This time, the deprotected pyrrolidine could be 
isolated as a single product in 24% yield (Figure 3.22).  
 At that point in our investigations, it seemed clear that the reconsideration of our working model 
was needed, as the consequences of changing the nature of the nucleophile from an alcohol to a protected 
amine were significant. We believed that two factors were influencing the lack of reactivity observed for 
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protected allyl amines, the nucleophilicity at nitrogen and the acidity of the N-H bond. 
Figure 3.22: PRCC reaction between β-methylstyrene and N-Boc-methallyl amine 
 
 
 
 
3.5.2 – Mechanistic considerations on how to improve the PRCC reaction between alkenes and 
allylic amines  
  
 The nucleophilicity at nitrogen influences the polar addition onto the alkene radical-cation. 
Depending on the nature of the nucleophile, the addition of a heteroatom onto a radical-cation can be a 
reversible process, as suggested by Arnold34 and Newcomb35. The strength of the nucleophile as well as 
the strength of the newly formed carbon-heteroatom bond should have an effect on the addition 
equilibrium. For the PRCC reaction between alkenes and allylic amines, the nature of the protecting 
group on nitrogen greatly affects the availability of the lone pair on nitrogen and its capacity of efficiently 
interact with an electrophile. Therefore, more electron-rich protecting groups should facilitate the addition 
step. 
 However, the pKa of the acid formed upon addition onto the alkene radical-cation is another 
factor directly influenced by the nature of the nucleophile. Facile deprotonation of the distonic radical-
cation intermediate is essential in order to generate the desired heterocycle and re-protonate the hydrogen-
atom donor after it has been reduced by the acridine radical. Therefore, the deprotonation event between 
the hydrogen-atom donor’s conjugate base and the ammonium ion generated during the reaction must be 
highly exergonic for efficient catalytic turnover to occur. Less acidic hydrogen atom donors and electron-
withdrawing nitrogen protecting groups on the amine nucleophile are therefore preferred. 
 The previous discussion showed that a compromise must be met between the nucleophilicity 
requirements for the nitrogen lone-pair, which favors less electron-deficient protecting groups, and the 
acidity requirements for the N-H bond, which favors more electron-deficient protecting groups. However 
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as was described in the previous section, a screening of protecting groups alone was unable to produce the 
desired increase in pyrrolidine formation. Therefore, we believed that we had to reexamine the nature of 
the hydrogen-atom donor employed and possibly the architecture of the amine nucleophile. 
 The C-H bond dissociation energy of 9-cyanofluorene is approximately 76 kcal/mol36 with a pKa 
= 8.337 in DMSO. The C-H bond dissociation energy of 2-phenylmalononitrile is approximately 77 
kcal/mol19 with a pKa = 4.219 in DMSO. Finally, the C-H bond dissociation energy (BDE) of thiophenol is 
approximately 78.5 kcal/mol38 with a pKa = 10.338 in DMSO. Given the similar structure and C-H bond 
polarity of 9-cyanfluorene and 2-phenylmalononitrile as well as their small difference in C-H BDE, it is 
likely that the difference in reactivity observed between these two hydrogen-atom donors (cf. Figure 
3.20) is due to their difference in acidity (four pKa units in DMSO). The 2-phenylmalononitrile anion is 
not basic enough to drive the cycloaddition.  
 However, the comparison between 9-cyanofluorene and thiophenol is less straightforward. When 
considering BDEs and pKa values alone, given the small difference in BDE and the two pKa unit 
difference in acidity, thiophenol should outperform 9-cyanofluorene as a hydrogen-atom donor for the 
PRCC reaction. However, for allyl alcohol and both Boc- and Triflyl-protected allyl amine, thiophenol 
was shown to be unsuccessful at promoting the desired transformation. We believe that kinetic rather than 
thermodynamic factors must be considered to rationalize these observations. Hydrogen atom transfer 
from thiophenol to an alkyl radical has been shown to be fast (k ~ 108 M-1s-1)39. It has also been shown by 
Newcomb40 to effectively outcompete, under certain conditions, radical 5-exo cyclizations. Furthermore, 
unpublished data for the intramolecular anti-Markovnikov hydroalkoxylation of alkenes also suggests that 
2-phenylmalononitrile (and consequently 9-cyanofluorene as well) is a more sluggish hydrogen-atom 
donor than thiophenol. For this reason we believed that thiophenol could become a viable hydrogen-atom 
donor for the PRCC reaction if the rate of 5-exo cyclization could be increased. It would thus outcompete 
an early hydrogen atom transfer that would afford the undesired anti-Markovnikov hydroamination 
product. Ultimately we hoped to be able to use thiophenol as a hydrogen-atom donor because of the 
enhanced basicity of the thiolate and the elevated reduction potential of the thiyl radical.  
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 In order to accelerate the rate of 5-exo cyclization we decided to turn our attention to a different 
allylic amine. We thought that this rate could be increased if a more stable radical could be formed upon 
cyclization. When allyl amine is used as a nucleophile for the PRCC reaction with alkenes, the cyclization 
affords a methyl radical. If however, cinnamyl amine were used as the nucleophile, the cyclization would 
afford a more favorable benzylic radical. We believed that this change in the structure of the nucleophile 
would enhance the desired reactivity.   
Figure 3.23: The PRCC reaction between N-boc-cinnamyl amine and alkenes. Diphenyldisulfide allows 
for the use of the nucleophile as a limiting reagent. 
 
 
 
 
 
 
  
 
  
 To our satisfaction, we found that boc-protected cinnamyl amine, which can be synthesized in 
three steps from commercially available cinnamyl bromide, afforded the desired pyrrolidine product with 
β−methylstyrene when 20 mol% of phenyldisulfide was employed as a hydrogen atom donor in 
conjunction with catalyst 4 in chloroform. Triflyl-protected cinnamyl amine failed to afford the desired 
product. Although electronic arguments could be invoked to explain this finding, it is also possible that 
the Boc group influences the geometry of the distonic radical-cation intermediate via steric compression, 
allowing it to adopt an optimal configuration for 5-exo cyclization. We found that these new reaction 
conditions required the use of the amine nucleophile as the limiting reagent, and after twenty-four hours, 
complete consumption of the nucleophile was observed. Due to the formation of rotamers the consequent 
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broadening of all 1H NMR peaks, an accurate 1H NMR yield for this reaction could not be determined. 
However, upon column chromatography using silica gel and removal of the carbamate with trifluoroacetic 
acid, the pyrrolidine•TFA salt could be isolated cleanly. The overall isolated yield for this two-step 
procedure was 64%. Similarly, 4-methyl-β−methylstyrene and indene were both shown to undergo the 
desired cyclization and afforded the desired pyrrolidine•TFA salts in 61% yield and 58% yield 
respectively (Figure 3.23). Other thiols were tested but were outperformed by phenyldisulfide. A catalyst 
screening was also conducted and catalyst 4 was shown to be a preferred catalyst for the transformation. 
When three equivalents of the alkene are used, side reactions such as early hydrogen-atom abstraction are 
suppressed and only the PRCC reaction is observed by H1-NMR. 
 As a conclusion, we believe that a wide scope of alkenes will be able to undergo the desired 
photoredox polar-radical crossover cycloaddition with Boc-protected cinnamyl amine under the 
previously described conditions.  
3.6 – Concluding remarks 
 In this chapter we have shown how the radical character of radical-cations can be exploited to 
generate complexity-building transformations that afford valuable heterocycles from simple starting 
materials. Combined with the hydrofunctionalization reactions presented on chapter 1 we hope to have 
shown that alkene radical-cations are versatile, reactive intermediates that afford addition-type products 
regioselectively with a variety of nucleophiles. We believe that these initial investigations on the modes 
of reactivity of radical-cations will spur the development of an assortment of novel transformations that 
will be of interest to organic chemists.  
 
 
 
 
 
 
! 103 
REFERENCES 
(1)  Jahn, U.; Rudakov, D.; Jones, P. G. Tetrahedron 2012, 68, 1521. 
(2)  Denes, F.; Chemla, F.; Normant, J. F. Angew. Chem. Int. Ed. 2003, 42, 4043. 
(3)  Denes, F.; Chemla, F.; Normant, J. F. Eur. J. Org. Chem. 2002, 21, 3536. 
(4)  Korapala, C. S.; Qin, J.; Friestad, G. K. Org. Lett. 2007, 9, 4243. 
(5)  Li, F.; Castle, S. L. Org. Lett. 2007, 9, 4033. 
(6)  Murphy, J. A; Khan, T. A; Zhou, S.-Z.; Thomson, D. W.; Mahesh, M. Angew. Chem. Int. Ed. 
2005, 44, 1356. 
(7)  McGlacken, G. P.; Khan, T. A. Angew. Chem. Int. Ed. 2008, 47, 1819. 
(8)  Jui, N. T.; Garber, J. A. O.; Finelli, F. G.; MacMillan, D. W. C. J. Am. Chem. Soc. 2012, 134, 
11400. 
(9)  Polyether Antibiotics: Naturally Occurring Acid Ionophores--Volume 2: Chemistry; CRC Press, 
Boca Ratton, 1983 
(10)  Padwa, A.; Hornbuckle, S. Chem. Rev. 1991, 91, 263. 
(11)  Overman, L. Acc. Chem. Res. 1992, 4, 352. 
(12)  Pohlhaus, P. D.; Johnson, J. S. J. Org. Chem. 2005, 70, 1057. 
(13)  Pohlhaus, P. D.; Johnson, J. S. J. Am. Chem. Soc. 2005, 127, 16014. 
(14)  Parsons, A. T.; Campbell, M. J.; Johnson, J. S. Org. Lett. 2008, 12, 2541. 
(15)  Parsons, A. T.; Johnson, J. S.; J. Am. Chem. Soc. 2009, 131, 3122. 
(16)  Kelly, B. D.; Allen, J. M.; Tundel, R. E.; Lambert, T. H. Org. Lett. 2009, 11, 1381. 
(17)  Hoye, T. R.; Erickson, S. E.; Erickson-Birkedahl, S. L.; Hale, C. R. H.; Izgu, E. C.; Mayer, M. J.; 
Notz, P. K.; Renner, M. K. Org. Lett. 2010, 12, 1768. 
(18)  Dale, J. A.; Mosher, H. S. J. Am. Chem. Soc. 1973, 95, 512. 
(19)  Bordwell, F. G.; Cheng, J.; Ji, G. Z.; Satish, A. V.; Zhang, X. J. Am. Chem. Soc. 1991, 113, 9790. 
(20)  Felpin, F.-X.; Lebreton, J. Eur. J. Org. Chem. 2003, 19, 3693. 
(21)  Galliford, C. V; Scheidt, K. A. Angew. Chem. Int. Ed. 2007, 46, 8748. 
! 104 
(22)  Hensler, M. E.; Bernstein, G.; Nizet, V.; Nefzi, A. Bioorg. Med. Chem. Lett. 2006, 16, 5073. 
(23)  Raghuraman, A.; Ko, E.; Perez, L. M.; Ioerger, T. R.; Burgess, K. J. Am. Chem. Soc. 2011, 133, 
12350. 
(24)  Whitby, L. R.; Ando, Y.; Setola, V.; Vogt, P. K.; Roth, B. L.; Boger, D. L. J. Am. Chem. Soc. 
2011, 133, 10184. 
(25)  Caputo, C. A; Jones, N. D. Dalton Trans. 2007, 4627. 
(26)  Moyano, A.; Rios, R. Chem. Rev. 2011, 111, 4703. 
(27)  Coldham, I.; Hufton, R. Chem. Rev. 2005, 105, 2765. 
(28)  Overman, L.; Kakimoto, M. J. Am. Chem. Soc. 1983, 105, 6622. 
(29)  Nguyen, T.; Nicewicz, D. A. J. Am. Chem. Soc. 2013, 135, 9588. 
(30)  Zhu, S.; Niljianskul, N.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 135, 15746. 
(31)  Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 5608. 
(32)  Utsunomiya, M.; Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 2702. 
(33)  Takemiya, A.; Hartwig, J. F. J. Am. Chem. Soc. 2006, 128, 6042. 
(34)  McManus, K.; Arnold, D. Can. J. Chem. 1995, 73, 2158. 
(35)  Crich, D.; Huang, X.; Newcomb, M. J. Org. Chem. 2000, 65, 523. 
(36)  Bordwell, F.; Zhang, X.; Cheng, J. J. Org. Chem. 1991, 56,  3216. 
(37)  Jakab, G.; Tancon, C.; Zhang, Z.; Lippert, K. M.; Schreiner, P. R. Org. Lett. 2012, 14, 1724. 
(38)  Bordwell, F.; Cheng, J.-P.; Harrelson, J. A.  J. Am. Chem. Soc. 1988, 110, 1229. 
(39)  Newcomb, M.; Choi, S.; Horner, J. J. Org. Chem. 1999, 64, 1225. 
(40)  Ha, C.; Horner, J.; Newcomb, M. J. Org. Chem. 1993, 58, 1194.  
 
! 105!
APPENDIX 1: SUPPORTING INFORMATION FOR THE ANTI-MARKOVNIKOV 
HYDROFLUORINATION, HYDROOXYSULFONYLATION AND HYDRATION OF STYRENES 
 
1 – General information 
  Proton, carbon, phosphorus, and fluorine magnetic resonance spectra were recorded on a Bruker 
model DRX 400 or 600 spectrometer (1H NMR at 400 MHz or 600 MHz, 13C NMR at 100 MHz or 150 
MHz, 31P NMR  at 162 or 253 MHz, and 19F NMR at 376 MHz or 564 MHz). Chemical shifts for protons 
are reported in parts per million downfield from tetramethylsilane and are referenced to residual protium 
in the solvent (1H NMR: CHCl3 at 7.27 ppm). Chemical shifts for carbons are reported in parts per million 
downfield from tetramethylsilane and are referenced to the carbon resonances of the solvent peak (13C 
NMR: CDCl3 at 77.0 ppm). Chemical shifts for fluorine are reported in parts per million from CFCl3 (d 0 
ppm) as the external standard. NMR data are represented as follows: chemical shift, multiplicity (s = 
singlet, bs = broad singlet, d = doublet, dd = doublet of doublet, t = triplet, q = quartet, m = multiplet), 
coupling constants (Hz), and integration. Infrared (IR) spectra were obtained using a Jasco 260 Plus 
Fourier transform infrared spectrometer. High-resolution mass spectra (HRMS) were obtained from the 
University of Illinois Mass Spectrometry lab (Dr. Furong Sun). Analytical thin layer chromatography 
(TLC) was performed on SiliaPlate 250 µm thick silica gel plates provided by Silicycle. Visualization was 
accomplished using fluorescence quenching, KMnO4 stain, or ceric ammonium molybdate (CAM) stain 
followed by heating. Organic solutions were concentrated under reduced pressure using a Büchi rotary 
evaporator with an ice water bath for volatile compounds. Purification of the reaction products was 
carried out by chromatography using Siliaflash-P60 (40-63 µm) silica gel purchased from Silicycle.1 All 
reactions were carried out under an inert atmosphere of nitrogen in flame-dried glassware with magnetic 
stirring unless otherwise noted. Irradiation was carried out using Par38 Royal Blue Aquarium LED lamps 
(Model # 6851) purchased from Cree with standard borosilicate glass vials purchased from Fisher 
Scientific. Gas chromatography (GC) was performed on an Agilent 6850 series instrument equipped with 
a split-mode capillary injection system and Agilent 5973 network mass spec detector (MSD). Yield refers 
to isolated yield of analytically pure material unless otherwise noted. NMR yields were determined using 
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hexamethyldisiloxane as an internal standard, 
2 - Materials  
 Commercially available reagents were purchased from Sigma Aldrich, Acros, Alfa Aesar, or TCI, 
and used as received unless otherwise noted. Diethyl ether (Et2O), dichloromethane (CH2Cl2), 
tetrahydrofuran (THF), toluene, and dimethylformamide (DMF) were dried by passing through activated 
alumina columns under nitrogen prior to use. Chloroform (CHCl3) and 2,2,2-trifluoroethanol (TFE) were 
both distilled from anhydrous sodium sulfate and a small quantity of sodium bicarbonate prior to use. 
Other common solvents and chemical reagents were purified by standard published methods.2 trans-b-
Methylstyrene (3a), a-methylstyrene (3n), styrene (3q), 4-bromostyrene (3r), indene (3u), 1-
methylcyclopentene (3y), pyridine hydrochloride, ammonium chloride, triethylamine trihydrofluoride, 
2,6-lutidine, thiophenol (2a), 4-methoxythiophenol (2b), 4-nitrophenyl disulfide (2c), and diphenyl 
disulfide (2d) were all purchased from Sigma Aldrich. 
3- Photoreactor Configuration.  
 Reactions were typically irradiated from both sides using a simple photoreactor consisting of two 
Par38 Royal Blue Aquarium LED lamps (Model # 6851) purchased from Cree. A standard magnetic stir 
plate was used as the support. The standard photoreactor configuration is shown with four reactions (1 
dram vials) being irradiated. A number of different blue LED lamps are effective, but differences in 
specific LED models and the distance from the light source can have an effect on reaction rate. The same 
photoreactor setup was used for the large-scale (2.5 g b-methyl-4-methylstyrene, 18.91 mmol) synthesis 
of 1-(2-Chloropropyl)-4-methylbenzene (4i). A standard 100 mL round bottom was placed between the 
LED lamps with adequate results being obtained. 
4 - Styrene Derivatives 
  All styrenyl alkene derivatives excluding those which are commercially available were prepared 
by Wittig methylenation or ethylenation. In a typical procedure: ethyltriphenylphosphonium bromide (15 
g, 40 mmol, 1.50 equiv) was charged to a flame dried 250 ml round bottom flask after cooling under 
nitrogen. The solvent (80 mL diethyl ether, anhydrous) was added and the mixture was stirred at 0 ºC 
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while potassium tert-butoxide was added in several small portions. The mixture turned yellow/orange and 
was stirred for 30 minutes before the aldehyde was added dropwise at 0 ºC. The mixture was allowed to 
warm slowly to ambient temperature with stirring for 3-12 hours. Upon completion the reaction mixture 
was quenched by the addition of saturated aqueous ammonium chloride. The organic material was 
extracted into diethyl ether (3 x 100 mL), washed with saturated aqueous sodium chloride, dried with 
anhydrous sodium sulfate, and concentrated under vacuum. The final styrenyl derivatives were purified 
by vacuum distillation or column chromatography using silica gel and (10 %) diethyl ether/pentanes. The 
final products were isolated and used as mixtures of E and Z isomers. The spectroscopic characterization 
for the alkenes matched those reported in the literature for b-methyl-4-chlorostyrene,3 b-methyl-3-
chlorostyrene,3 b-methyl-2-chlorostyrene,4 b-methyl-4-bromostyrene,3  b-methyl-3-bromostyrene,3 b-
methyl-4-fluorostyrene,3 methyl 4-propenylbenzoate,5 b-methyl-4-methylstyrene,6 b-methyl-2-
methylstyrene,7 b-methyl-4-tert-butylstyrene,6 and 2-propenylnaphthalene,8 b-methyl-3-methoxystyrene,9 
a-methyl-4-methylstyrene,10 a-methyl-4-bromostyrene,11 b-methyl-2-methoxystyrene,12 b-methyl-3-
methylstyrene,13 2-propenylthiophene.14 3-Propenylthiophene has been previously reported without NMR 
data.15 It has NMR data very similar to 2-propenylthiophene, and it was confirmed by comparison. 
5 - Preparation of Acridinium Photoredox Catalysts (1-4) 
9-Mesityl-10-methylacridinium tetrafluoroborate (1) 
 
The title compound was prepared as previously described by substituting tetrafluoroboric acid (diethyl 
ether complex) for perchloric acid within the procedure reported by Fukuzumi. UV/Vis Absorbance (1,2-
dichloroethane, 2.0 x 10-5 M): lmax  429 nm. Emission (1,2-dichloroethane, 2.0 x 10-5 M, lexc 430 nm): lmax  
509 nm. Cyclic Voltammetry (10 mM in deaerated acetonitrile with 0.10 M TBAPF6; working: glassy 
carbon; reference: Ag/AgCl; counter: platinum): E1/2 = -0.55 V (vs SCE). 
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9-Mesityl-10-methylacridinium perchlorate (1b) 
The same reported procedure was used, with pherchloric acid instead of tetrafluoroboric acid 
10-Phenylacridin-9(10H)-one  
 
Based on a literature procedure. to an oven-dried 25 mL round bottom were charged 9(10H)-acridone 
(0.50 g, 2.56 mmol, 1.25 equiv), iodobenzene (240 mL, 2.14 mmol, 1.0 equiv), copper(I) iodide (41 mg, 
215 mmol, 0.10 equiv), 2,2,6,6-tetramethyl-3,5-heptanedione (90 mL, 0.431 mmol, 0.20 equiv), 
potassium carbonate (0.59 g, 4.27 mmol, 2.0 equiv), and dimethylformamide (12 mL). The round bottom 
was equipped with a condenser, sparged with N2 for 20 minutes, and heated at reflux under N2 for 48 h. 
The reaction was cooled to room temperature, diluted with H2O, transferred to a separatory funnel, 
acidified with aqueous HCl, extracted with dichloromethane, and concentrated. The crude residue was 
purified by chromatography on silica gel using 20% EtOAc/hexanes to yield the title compound (354 mg, 
1.30 mmol, 61%) as a yellow powder. The analytical data for S1 were in agreement with literature 
values:18 1H NMR (400 MHz, CDCl3): δ 8.60 (d, J = 6.8 Hz, 2H), 7.74-7.68 (m, 3H), 7.67-7.66 (m, 2H), 
7.53-7.49 (m, 2H), 7.40-7.26 (m, 2H), 6.77 (d, J = 8.4 Hz, 2H); 13C NMR (150 MHz, CDCl3): δ 178.2, 
143.1, 138.9, 133.3, 131.1, 130.0, 129.6, 127.3, 121.7, 121.5, 116.8. 
9-Mesityl-10-phenylacridinium tetrafluoroborate (2) 
 
Based on a literature procedure, to an oven-dried 100 mL round bottom were charged 10-phenylacridin-
9(10H)-one (S1, 380 mg, 1.40 mmol), and tetrahydrofuran (40 mL) under nitrogen. A solution of 2-
mesitylmagnesium bromide (3.5 mL, 1.0 M (diethyl ether), 2.5 equiv) was added slowly at room 
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temperature. The reaction was stirred at room temperature for 24 hours, and then at 50 ºC for 72 hours, 
then cooled to room temperature, quenched with dilute aqueous NaHCO3, and transferred to a separatory 
funnel. The organic soluble material was extracted from aqueous NaHCO3 into dichloromethane (2 x 100 
mL), dried with Na2SO4, and concentrated under vacuum for 48 hours. The solid residue was 
reconstituted in diethyl ether (20 mL), filtered through a plug of cotton, and stirred while a solution of 
tetrafluoroboric acid diethyl ether complex (230 mL, 5 mL diethyl ether, 1.2 equiv) was added slowly. A 
yellow precipitate formed and was stirred for 20 minutes. The solid material was collected on a medium 
grade glass frit, and dried under vacuum overnight to afford the title compound (490 mg, 1.06 mmol, 
76%) as a fine yellow powder. Analytical data for 1b: 1H NMR (400 MHz, CDCl3): δ 8.16-8.13 (m, 2H), 
7.94-7.89 (m, 5H), 7.81-7.78 (m, 2H), 7.76-7.74 (m, 2H), 7.63-7.61 (m, 2H), 7.19 (s, 2H), 2.50 (s, 3H), 
1.85 (s, 6H); 13C NMR (150 MHz, CDCl3): δ 164.6, 141.9, 140.4, 138.9, 136.8, 136.2, 131.9, 131.6, 
129.2, 129.0, 128.8, 128.5, 128.0, 125.9, 120.2, 21.3, 20.2. HRMS (ESI): m/z calculated for C28H24N 
([M]+) 374.1903, found 374.1906. UV/Vis Absorbance (1,2-dichloroethane, 2.0 x 10-5 M): lmax  432 nm. 
Emission (1,2-dichloroethane, 2.0 x 10-5 M, lexc 430 nm): lmax  512 nm. Cyclic Voltammetry (10 mM in 
deaerated acetonitrile with 0.10 M TBAPF6; working: glassy carbon; reference: Ag/AgCl; counter: 
platinum): E1/2 = -0.50 V (vs. SCE). 
5-Methyl-2-(para-tolylamino)benzoic acid  
 
 
Based on a literature procedure, to an oven-dried 250 mL round bottom were charged 2-amino-5-
methylbenzoic acid (6.0 g, 39.7 mmol), 1-bromo-4-methylbenzene (13.6 g, 79.5 mmol, 2.0 equiv), and 
tribasic potassium phosphate (25 g, 118 mmol, 3.0 equiv). The flask was taken under an inter atmosphere 
and charged with tris(dibenzylideneacetone) dipalladium(0) (730 mg, 800 mmol, 0.04 equiv Pd), tri-tert-
butylphosphine (1.0 M (toluene), 3.2 mL, 0.08 equiv), and toluene (90 mL). The round bottom was 
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equipped with a condenser, sealed with a rubber septum, removed from the glovebox, and heated at reflux 
under N2 for 36 h. The reaction was cooled to room temperature, diluted with H2O, transferred to a 
separatory funnel containing 4 M aqueous HCl, and extracted with dichloromethane. The combined 
organic portions were washed with saturated aqueous NaCl, dried with Na2SO4, and concentrated. The 
crude residue was purified by chromatography on silica gel using 20-50% ethyl acetate:hexanes to yield 
the title compound (8.7 g, 36 mmol, 91%) as a yellow powder. The analytical data for S2 were in 
agreement with literature values:16 1H NMR (600 MHz, d6-DMSO): δ 12.97 (bs, 1H), 9.38 (bs, 1H), 7.70-
7.69 (d, J = 1.8 Hz, 2H), 7.19-7.06 (m, 6H), 2.27 (s, 3H), 2.21 (s, 3H); 13C NMR (150 MHz, d6-DMSO): 
δ 170.2, 145.5, 138.4, 135.2, 132.1, 131.8, 130.1, 125.8, 121.7, 114.0, 112.3, 20.6, 20.1. 
2,7-Dimethylacridin-9(10H)-one  
 
Based on a literature procedure, to 100 mL Erlenmeyer flask was charged 40 mL concentrated sulfuric 
acid. The sulfuric acid was heated to 90 ºC and stirred rapidly while 5-methyl-2-(para-tolylamino)benzoic 
acid (S2, 9.7 g, 40.0 mmol) was added slowly. The reaction was stirred for 4 hours, cooled to room 
temperature, and then dropped slowly into 400 mL H2O at 0 ºC with stirring. A yellow precipitate was 
formed. The precipitate was stirred at 0 ºC for 30 minutes and then collected on a course grade glass frit. 
The collected solids were dried under vacuum for 48 hours to yield the title compound (6.1 g, 27 mmol, 
68%) as a yellow solid. The analytical data for S3 were in agreement with literature values:16 1H NMR 
(400 MHz, d6-DMSO): δ 11.41 (s, 1H), 8.00 (s, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 
2.41 (s, 6H); 13C NMR (150 MHz, d6-DMSO): δ 176.4, 139.0, 134.9, 130.0, 125.2, 120.3, 117.4, 20.7. 
 
2,7,10-Trimethylacridin-9(10H)-one  
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Based on a literature procedure, in a 25 ml round-bottom 825 mg of 2,7-dimethylacridin-9(10H)-one (S3, 
3.70 mmol, 1.0 equiv.), 305 mg of sodium hydroxide (12.7 mmol, 3.0 equiv.) and 124 mg of aliquat 336 
(0.14 mmol, 0.038 equiv.) were dissolved in a biphasic mixture composed of 5 mL of 2-butanone and 5 
mL of DI water. The solution was heated to 60 ºC and 790 mL of methyl iodide (1.82 g, 12.7 mmol, 3.4 
equiv) was added dropwise. The reaction was stirred at this temperature for twenty-four hours, at which 
point it was cooled to room temperature and poured into freshly distilled water. The brown solid formed 
was filtered and dried overnight at 60 ºC under vacuum. The dried solid was recrystallized from MeOH to 
give yellow/brown crystals (380 mg, 1.60 mmol, 43% yield). The analytical data for S4 were in 
agreement with literature values:16 1H NMR (400 MHz, CDCl3): δ 8.11 (s, 2H), 7.74 (m, 2H), 7.62 (m, 
2H), 7.76-7.74 (m, 2H), 3.90 (s, 3H), 2.49 (s, 3H), 2.42 (s, 6H); 13C NMR (150 MHz, CDCl3): δ 178.0, 
140.6, 135.12, 130.6, 127.1, 122.2, 114.6, 35.6, 20.6. 
9-Mesityl-2,7,10-trimethylacridinium tetrafluoroborate (3) 
 
Based on a literature procedure. In an oven-dried round bottom flask, a solution containing 380 mg of S4 
(1.81 mmol, 1.0 equiv.) in THF (4.8 mL, 0.3M) was made. The solution was warmed to 60 ºC and 3.36 
mL of 2-mesitylmagnesium bromide (0.1M in Et2O, 3.36 mmol, 2.1 equiv.) was added drop-wise. The 
reaction was stirred for three days, at which point it was cooled down to room temperature and poured 
into a 10% w/v solution of sodium bicarbonate. The aqueous solution was extracted with 5 x 10.0 mL of 
CH2Cl2 and concentrated under reduced pressure. The concentrated material was dissolved in 20 mL of 
! 112!
Et2O and filtered through a cotton plug. The acid, Et2O•HBF4 (263mL, 2.16 mmol, 1.20 equiv.), was 
added drop-wise. A yellow solid formed upon addition. It was filtered and dried under vacuum overnight 
(330 mg, 44% yield). The analytical data for 1c were in agreement with literature values:16 1H NMR (400 
MHz, CDCl3): δ 8.68-8.66 (m, 2H), 8.20-8.19 (m, 2H), 7.50 (s, 2H), 7.18 (s, 2H), 5.05 (s, 3H), 2.55 (s, 
6H), 2.53 (s, 3H), 1.64 (s, 6H); 13C NMR (150 MHz, CDCl3): δ 159.8, 141.4, 140.0, 139.7, 139.1, 135.8, 
129.7, 129.1, 126.4, 126.2, 119.0, 39.1, 21.6, 21.4, 20.1. UV/Vis Absorbance (1,2-dichloroethane, 2.0 x 
10-5 M): lmax  432 nm. Emission (1,2-dichloroethane, 2.0 x 10-5 M, lexc 430 nm): lmax  512 nm. Cyclic 
Voltammetry (10 mM in deaerated acetonitrile with 0.10 M TBAPF6; working: glassy carbon; reference: 
Ag/AgCl;counter: platinum): E1/2 = -0.63 V (vs. SCE). 
2,7-Dimethyl-10-phenylacridin-9(10H)-one  
 
Based on a literature procedure. to an oven-dried 25 mL round bottom were charged 2,7-dimethylacridin-
9(10H)-one (S3, 0.50 g, 2.24 mmol, 1.20 equiv.), iodobenzene (209 mL, 1.87 mmol, 1.0 equiv.), 
copper(I) iodide (36 mg, 187 mmol, 0.10 equiv), 2,2,6,6-tetramethyl-3,5-heptanedione (78 mL, 0.374 
mmol, 0.20 equiv.), potassium carbonate (0.52 g, 3.74 mmol, 2.0 equiv.), and dimethylformamide (12 
mL). The round bottom was equipped with a condenser, sparged with N2 for 20 minutes, and heated at 
reflux under N2 for 48 h. The reaction was cooled to room temperature, diluted with H2O, transferred to a 
separatory funnel, acidified with aqueous HCl, extracted with dichloromethane, and concentrated. The 
crude residue was purified by chromatography on silica gel using 20% EtOAc/hexanes to yield the title 
compound (413 mg, 1.38 mmol, 74%) as a yellow powder. The analytical data for S5: 1H NMR (400 
MHz, CDCl3): δ 8.41 (s, 2H), 7.74-7.64 (m, 3H), 7.39-7.32 (m, 4H), 6.69 (d, J = 8.8 Hz, 2H), 2.48 (s, 
6H); 13C NMR (150 MHz, CDCl3): δ 178.0, 141.1, 139.2, 134.6, 131.0, 130.9, 130.1, 129.4, 126.5, 121.5, 
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116.7, 20.7; IR (thin film): 3044, 3013, 2921, 2858, 1643, 1624, 1603, 1556, 1495, 1453, 1409, 1378, 
1348, 1329, 1302, 1221 cm-1. 
9-Mesityl-2,7-dimethyl-10-phenylacridinium tetrafluoroborate (4) 
 
Based on a literature procedure, to an oven-dried 100 mL round bottom were charged 2,7-dimethyl-10-
phenylacridin-9(10H)-one (S5, 400 mg, 1.33 mmol), and tetrahydrofuran (40 mL) under nitrogen. A 
solution of 2-mesitylmagnesium bromide (3.3 mL, 1.0 M (diethyl ether), 2.5 equiv.) was added slowly at 
room temperature. The reaction was stirred at room temperature for 24 hours, and then at 50 ºC for 48 
hours, then cooled to room temperature, quenched with dilute aqueous NaHCO3, and transferred to a 
separatory funnel. The organic soluble material was extracted from aqueous NaHCO3 into 
dichloromethane (2 x 100 mL), dried with Na2SO4, and concentrated under vacuum for 48 hours. The 
solid residue was reconstituted in diethyl ether (40 mL), filtered through a plug of cotton, and stirred 
while a solution of tetrafluoroboric acid diethyl ether complex (220 mL, 5 mL diethyl ether, 1.2 equiv.) 
was added slowly. A yellow precipitate formed and was stirred for 20 minutes. The solid material was 
collected on a medium grade glass frit, and dried under vacuum overnight to afford the title compound 
(584 mg, 1.19 mmol, 90%) as a fine yellow powder. The analytical data for 1d: 1H NMR (600 MHz, 
CDCl3): δ 7.72-7.70 (m, 2H), 7.61-7.58 (m, 1H), 7.41-7.39 (m, 2H), 7.00 (s, 2H), 6.91-6.88 (m, 4H), 6.28 
(d, J = 8.4 Hz, 2H), 2.38 (s, 3H), 2.36 (s, 6H), 2.22 (s, 6H); 13C NMR (150 MHz, CDCl3): δ 161.7, 141.0, 
140.2, 140.1, 139.4, 136.9, 136.0, 131.9, 131.5, 129.5, 129.1, 127.9, 126.3, 126.1, 119.9, 21.7, 21.4, 20.2. 
LRMS (ESI): m/z calculated for C30H28N ([M]+) 402.2216, found 402.2220. UV/Vis Absorbance (1,2-
dichloroethane, 2.0 x 10-5 M): lmax  438 nm. Emission (1,2-dichloroethane, 2.0 x 10-5 M, lexc 430 nm): lmax  
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516 nm. Cyclic Voltammetry (10 mM in deaerated acetonitrile with 0.10 M TBAPF6; working: glassy 
carbon; reference: Ag/AgCl; counter: platinum): E1/2 = -0.58 V (vs. SCE). 
6 - General Procedure for the Anti-Markovnikov Hydrofluorination of Styrenes using Et3N•3HF 
 In a typical procedure, a 1-dram vial was equipped with a magnetic stir bar, photoredox catalyst 4 
(12.3 mg, 0.025 mmol, 5 mol %), and 4-nitrophenyl disulfide (2c, 38.5 mg, 0.125 mmol, 25 mol %). The 
vial was taken under an inert atmosphere and depending on the substrate, either 82 mL (0.5 mmol, 80.6 
mg) or 164 mL (1.0 mmol, 161.2 mg) of Et3N•3HF was added along with CHCl3 (2.0 mL) to a 
concentration of approximately 0.25 M. The alkene substrate (0.5 mmol) was added via microsyringe. 
The vial was sealed with a Teflon-coated septum cap, and the reaction mixture was irradiated (450 nm) 
for 2-12 hours. Upon completion, the reaction was diluted in CDCl3, and HMDS (53 mL, 0.25 mmol, 40.4 
mg) was added as a 1H NMR internal standard. After 1H NMR analysis, the crude reaction mixtures were 
concentrated at 300 mbar and 28 ºC. The final products were isolated by silica gel chromatography using 
2% Et2O/Pentanes as the eluent (Rf = 0.3). Fractions were analyzed by GC-MS and the solvent was 
evaporated at 500 mbar and 28 ºC.  
7 - Characterization for Anti-Markovnikov Hydrofluorination Products 
(2-Fluoropropyl)benzene (F1) 
 
The average 1H NMR yield for the title compound was 73% (two trials) after 2 hours. The isolated yield 
was 44%. One equivalent of Et3N•3HF was used. 1H NMR (600 MHz, CDCl3): δ 7.35–7.33 (m, 2H), 
7.27-7.24 (m, 3H), 4.96-4.83 (dm, JHF = 54 Hz, 1H), 3.03-2.83 (m, 2H), 1.37 (dd, JHF = 24 Hz, JHH = 6 
Hz, 3H); 13C NMR (CDCl3, 150 MHz): δ 129.4 (d, JCF = 4.5 Hz), 128.4, 126.5, 91.6 (d, JCF = 167 Hz), 
43.2 (d, JCF = 21.1 Hz), 20.5 (d, JCF = 22.6 Hz); 19F NMR (376 MHz, CDCl3): δ -170.7 - (-170.9)  (m); 
IR (thin film): 3467, 3565, 3437, 3064, 3030, 2980, 2933, 1943, 1868, 1801, 1749, 1716, 1698, 1652, 
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1606, 1558, 1540, 1497, 1455, 1383, 1361, 1344, 1304, 1214; HRMS (EI+): m/z calculated for C9H11F 
([M]+) 138.0845, found 138.0846 
1-Chloro-4-(2-fluoropropyl)benzene (F2) 
 
The average 1H NMR yield for the title compound was 74% (two trials) after 12 hours. The isolated yield 
was 58%. One equivalent of Et3N•3HF was used. 1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 6.4 Hz, 
2H), 7.17 (d, J = 8.4 Hz, 2H), 4.93-4.76 (dm, JHF = 48 Hz, 1H), 3.0-2.79 (m, 2H), 1.36 (dd, JHF = 24Hz, 
JHH = 6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -171.31 -(-171.75) (m); 13C NMR (CDCl3, 150 MHz): 
δ 135.6 (d, JCF = 4.5 Hz), 132.4, 130.7, 128.5, 90.7 (d, JCF = 169 Hz), 43.5 (d, JCF = 21.1 Hz), 20.5 (d, JCF 
= 22.7 Hz); IR (thin film): 3421, 2981, 2934, 1901, 1646, 1597, 1492, 1457, 1446, 1409, 1383, 1362, 
1344, 1304; HRMS (EI+): m/z calculated for C9H10ClF ([M]+) 172.0455, found 172.0452. 
1-Chloro-3-(2-fluoropropyl)benzene (F3) 
 
The average 1H NMR yield for the title compound was 76% (two trials) after 12 hours. The isolated yield 
was 63%. One equivalent of Et3N•3HF was used. 1H NMR (600 MHz, CDCl3): δ 7.29-7.26 (m, 3H), 7.14 
(m, 1H), 4.95-4.82 (dm, JHF = 48 Hz, 1H), 3.01-2.83 (m, 2H), 1.39 (dd, JHF = 24Hz, JHH = 6 Hz, 3H); 19F 
NMR (376 MHz, CDCl3): δ -171.21 -(-171.65) (m); 13C NMR (CDCl3, 150 MHz): δ 139.3 (d, JCF = 4.5 
Hz), 139.2, 134.18, 129.7, 129.5, 127.6, 126.8, 90.7 (d, JCF = 168 Hz), 42.9 (d, JCF = 21 Hz), 20.6 (d, JCF 
= 22.5 Hz); IR (thin film): 2981, 2934, 2282, 1598, 1573, 1476, 1491, 1383, 1362, 1344, 1308; HRMS 
(EI+): m/z calculated for C9H10ClF ([M]+) 172.0455, found 172.0457. 
1-Chloro-2-(2-fluoropropyl)benzene (F4) 
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The average 1H NMR yield for the title compound was 75% (two trials) after 12 hours. The isolated yield 
was 59%. One equivalent of Et3N•3HF was used. 1H NMR (600 MHz, CDCl3): δ 7.40-7.38 (m, 1H), 
7.31-7.30 (m, 1H), 7.25-7.20 (m, 2H), 5.04-4.90 (dm, JHF = 48.6 Hz, 1H),  3.02-3.13 (m, 2H), 1.42 (dd, 
JHF = 24Hz, JHH = 6.6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -171.31 -(-171.75) (m); 13C NMR 
(CDCl3, 150 MHz): δ 135.0 (d, JCF = 4.5 Hz), 135.1, 134.2, 131.8, 129.5, 128.2, 126.8, 99.7 (d, JCF = 168 
Hz), 41.1 (d, JCF = 21 Hz), 20.8 (d, JCF = 22.5 Hz); IR (thin film): 3064, 2981, 2935, 2870, 1919, 1867, 
1844, 1828, 1771, 1732, 1716, 1683, 1652, 1616, 1558, 1520, 1474, 1445, 1384, 1345; HRMS (EI+): m/z 
calculated for C9H10ClF ([M]+) 172.0455, found 172.0454. 
1-Bromo-4-(2-fluoropropyl)benzene (F5) 
 
The average 1H NMR yield for the title compound was 75% (two trials) after 12 hours. The isolated yield 
was 55%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 7.46-7.45 (m, 2H), 
7.13-7.11 (m,  2H), 4.91-4.78 (dm, JHF = 48 Hz, 1H),  3.97-2.80 (m, 2H), 1.37 (dd, JHF = 24Hz, JHH = 6.6 
Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -171.41 -(-171.70) (m); 13C NMR (CDCl3, 150 MHz): 
δ 136.2 (d, JCF = 4.5 Hz), 131.5, 131.2, 120.5, 90.7 (d, JCF = 168 Hz), 42.6 (d, JCF = 21 Hz), 20.6 (d, JCF = 
22.5 Hz); IR (thin film): 3026, 2980, 2933, 1901, 1781, 1591, 1488, 1455, 1446, 1405, 1383, 1361, 1344, 
1306; HRMS (EI+): m/z calculated for C9H10BrF ([M]+) 215.9950, found 215.9951  
1-Bromo-3-(2-fluoropropyl)benzene (F6) 
 
The average 1H NMR yield for the title compound was 65% (two trials) after 12 hours. The isolated yield 
was 47%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 7.41-7.39 (m, 2H), 
7.16-7.22 (m,  2H), 4.95-4.77 (dm, JHF = 48 Hz, 1H),  3.00-2.77 (m, 2H), 1.37 (dd, JHF = 24Hz, JHH = 6.6 
Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -171.31 -(-171.63) (m); 13C NMR (CDCl3, 150 MHz): 
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δ 139.6 (d, JCF = 4.5 Hz), 139.5, 132.4, 130.0, 129.8, 128.1, 122.5, 90.7 (d, JCF = 168 Hz), 42.8 (d, JCF = 
21 Hz), 20.6 (d, JCF = 22 Hz); dIR (thin film): 2980, 2932, 2360, 2867, 1593, 1567, 1540, 1507, 1474, 
1456, 1445, 1427, 1383, 1361, 1343, 1305, 1206; HRMS (EI+): m/z calculated for C9H10BrF ([M]+) 
215.9950, found 215.9949. 
Methyl 4-(2-fluoropropyl)benzoate (F7) 
 
The average 1H NMR yield for the title compound was 43% (two trials) after 12 hours. The isolated yield 
was 36%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 8.01-7.99 (m, 2H), 
7.32-7.31 (m, 2H), 4.96-4.83 (dm, JHF = 48 Hz, 1H), 3.93 (s, 3H), 3.07-2.89 (m, 2H), 1.37 (dd, JHF = 
24Hz, JHH = 6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -171.31 -(-171.75) (m); 13C NMR (CDCl3, 150 
MHz): δ 167.0, 142.6 (d, JCF = 4.0 Hz), 142.6, 129.7, 129.4, 128.5, 90.6 (d, JCF = 201 Hz), 52.1, 43.2 (d, 
JCF = 25.5 Hz), 20.6 (d, JCF = 27 Hz); IR (thin film): 2982, 2952, 2844, 2361, 1934, 1721, 1613, 1575, 
1511, 1435, 1417, 1384, 1362, 1342, 1311, 1279; HRMS (EI+): m/z calculated for C11H13FO2 ([M]+) 
196.0900, found 196.0888. 
1-Fluoro-4-(2-fluoropropyl)benzene (F8) 
 
The average 1H NMR yield for the title compound was 85% (two trials) after 12 hours. The isolated yield 
was 30%. One equivalent of Et3N•3HF was used. 1H NMR (600 MHz, CDCl3): δ 7.21-7.19 (m, 2H), 
7.03-7.00 (m, 2H), 4.91-4.78 (dm, JHF = 48 Hz, 1H),  2.99-2.81 (m, 2H), 1.35 (dd, JHF = 26.4 Hz, JHH = 
6.6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -116.65-(-116.73) (m), -171.33 -(-171.76) (m); 13C NMR 
(CDCl3, 150 MHz): δ 161.7 (d, JCF = 243 Hz), 132.9 (dd, JCF = 4.5 Hz, JCF = 4.5 Hz), 130.8 (d, JCF = 7.5 
Hz), 115.2 (d, JCF = 19.5 Hz), 90.9 (d, JCF = 168 Hz) 42.3 (d, JCF = 21 Hz), 20.5 (d, JCF = 22.5 Hz); IR 
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(thin film): 3433, 3044, 2982, 2935, 2360, 1892, 1608, 1511, 1447, 1848, 1383, 1361, 1345, 1305, 1223 ; 
HRMS (EI+): m/z calculated for C9H9F2 ([M-H]+) 155.0672, found 155.0671. 
1-(2-Fluoropropyl)-4-methylbenzene (F9) 
 
The average 1H NMR yield for the title compound was 66% (two trials) after 6 hours. The isolated yield 
was 43%. One equivalent of Et3N•3HF was used. 1H NMR (400 MHz, CDCl3): δ 7.14 (s, 4H), 4.96-4.76 
(dm, JHF = 48 Hz, 1H),  3.01-2.77 (m, 2H), 2.36 (s, 3H), 1.36 (dd, JHF = 24 Hz, JHH = 6.4 Hz, 3H); 19F 
NMR (376 MHz, CDCl3): δ -170.45 -(-170.88) (m); 13C NMR (CDCl3, 150 MHz): δ 136.1, 134.1 (d, JCF 
= 9 Hz), 129.2, 129.1, 91.1 (d, JCF = 168 Hz), 42.9 (d, JCF = 21 Hz), 21.01, 20.6 (d, JCF = 22.5 Hz); IR 
(thin film): 2979, 2931, 2863, 1907, 1867, 1828, 1771, 1732, 1683, 1616, 1594, 1488, 1473, 1361; 
HRMS (EI+): m/z calculated for C10H13F ([M]+) 152.1001, found 152.1003. 
1-(2-Fluoropropyl)-2-methylbenzene (F10) 
 
The average 1H NMR yield for the title compound was 54% (two trials) after 6 hours. The isolated yield 
was 29%. One equivalent of Et3N•3HF was used. 1H NMR (400 MHz, CDCl3): δ 7.21-7.16 (m, 4H), 
4.99-4.79 (dm, JHF = 48 Hz, 1H), 3.07-2.81 (m, 2H), 2.34 (s, 3H), 1.40 (dd, JHF = 23.6 Hz, JHH = 6.4 Hz, 
3H); 19F NMR (376 MHz, CDCl3): δ -169.99 -(-170.42) (m); 13C NMR (CDCl3, 150 MHz): 
δ 136.5, 135.6 (d, JCF = 6 Hz), 90.6 (d, JCF = 166.5 Hz), 40.4 (d, JCF = 21 Hz), 20.9 (d, JCF = 22.5 Hz), 
19.68; IR (thin film): 3433, 2979, 2932, 1644, 1495, 1457, 1382; HRMS (EI+): m/z calculated for 
C10H13F ([M]+) 152.1001, found 152.1003. 
1-(2-Fluoropropyl)-2-methylbenzene (F11) 
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The average 1H NMR yield for the title compound was 71% (two trials) after 6 hours. The isolated yield 
was 43%. One equivalent of Et3N•3HF was used. 1H NMR (400 MHz, CDCl3): δ 7.25-7.22 (m, 1H), 
7.10-7.04 (m, 3H), 4.99-4.79 (dm, JHF = 48 Hz, 1H), 3.04-2.78 (m, 2H), 2.38 (s, 3H), 1.38 (dd, JHF = 
24Hz, JHH = 6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -170.31 -(-170.74) (m); 13C NMR (CDCl3, 150 
MHz): δ 138.03, 137.1 (d, JCF = 6 Hz), 130.2, 128.3, 127.3, 126.4, 90.1 (d, JCF = 168 Hz), 43.2 (d, JCF = 
22.5 Hz), 21.41, 20.6 (d, JCF = 22.5 Hz); IR (thin film): 3882, 3869, 3778, 3734, 3027, 2733, 1828, 1771, 
1697, 1591, 1521, 1361, 1305; HRMS (EI+): m/z calculated for C10H13F ([M]+) 152.1001, found 
152.1001. 
1-(tert-Butyl)-4-(2-fluoropropyl)benzene (F12) 
 
The average 1H NMR yield for the title compound was 63% (two trials) after 6 hours. The isolated yield 
was 57%. One equivalent of Et3N•3HF was used. 1H NMR (400 MHz, CDCl3): δ 7.37 (d, JHH = 6.4 Hz, 
2H), 7.19 (d, JHH = 8.0 Hz, 2H), 4.99-4.79 (dm, JHF = 48.4 Hz, 1H), 3.05-2.78 (m, 2H), 1.42-1.35 (m, 
12H) 13C NMR (CDCl3, 150 MHz): δ 149.4, 134.2 (d, JCF = 4.5 Hz), 129.1, 125.4, 91.8 (d, JCF = 168 Hz), 
42.8 (d, JCF = 21 Hz), 34.4, 31.4, 20.7 (d, JCF = 22.5 Hz); 19F NMR (376 MHz, CDCl3): δ -170.3 - (-
170.8)  (m); IR (thin film): 3093, 3056, 2964, 2905, 2316, 1867, 1792, 1732, 1698, 1636, 1577, 1517, 
1458, 1445, 1363, 1268; HRMS (EI+): m/z calculated for C13H19F ([M]+) 194.1471, found 194.1468. 
1-(2-Fluoropropyl)-3-methoxybenzene (F13) 
 
The average 1H NMR yield for the title compound was 52% (two trials) after 12 hours. The isolated yield 
was 41%. Two equivalents of Et3N•3HF were used. 1H NMR (400 MHz, CDCl3): δ 7.27-7.23 (m, 1H), 
6.84-6.80 (m, 3H), 4.98-4.79 (dm, JHF = 48.0 Hz, 1H), 3.83 (s, 3H), 3.04-2.78 (m, 2H), 1.37 (dd, JHF = 
23.6 Hz, JHH = 6.0 Hz, 3H); 13C (CDCl3, 150 MHz): δ 159.6, 138.8 (d, JCF = 6.0 Hz), 129.4, 121.8, 115.2, 
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111.9, 90.9 (d, JCF = 165 Hz), 55.2, 43.3 (d, JCF = 21 Hz), 20.6 (d, JCF = 21 Hz); 19F NMR (376 MHz, 
CDCl3): δ -170.30 -(-170.73) (m); IR (thin film): 2979, 2935, 2836, 2359, 1921, 1844, 1771, 1732, 1716, 
1652, 1602, 1585, 1558, 1540, 1519, 1489, 1455, 1436, 1383, 1361, 1341, 1316, 1294, 1261; HRMS 
(EI+): m/z calculated for C10H13FO ([M]+) 168.0950, found 168.0954. 
1-(2-Fluoropropyl)-2-methoxybenzene (F14) 
 
The average 1H NMR yield for the title compound was 75% (two trials) after 12 hours. The isolated yield 
was 46%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 7.27-7.25 (m, 1H), 
7.22-7.20 (m, 1H), 6.95-6.92 (m, 1H), 6.90-6.87 (m, 1H), 5.01-4.89 (dm, JHF = 48.6 Hz, 1H), 3.59 (s, 
3H), 3.06-2.89 (m, 2H), 1.37 (dd, JHF = 24.0 Hz, JHH = 6.0 Hz, 3H); 19F NMR (376 MHz, CDCl3): 
δ -170.38 -(-170.97) (m); 13C NMR (CDCl3, 150 MHz): δ 157.5, 131.29, 127.9, 125.7 (d, JCF = 6.0 Hz), 
125.6, 120.44, 110.3, 90.2 (d, JCF = 165 Hz), 55.24, 37.8 (d, JCF = 21 Hz), 20.8 (d, JCF = 21 Hz); IR (thin 
film): 2979, 2935, 2836, 2359, 1921, 1844, 1771, 1732, 1716, 1652, 1602, 1585, 1558, 1540, 1519, 1489, 
1455, 1436, 1383, 1361, 1341, 1316, 1294, 1261; HRMS (EI+): m/z calculated for C10H13FO ([M]+) 
168.0950, found 168.0951. 
2-Fluoro-2,3-dihydro-1H-indene (F15) 
 
The average 1H NMR yield for the title compound was 65% (two trials) after 12 hours. The isolated yield 
was 48%. One equivalent of Et3N•3HF was used. 1H NMR (600 MHz, CDCl3): δ 7.32-7.31 (m, 2H), 
7.26-7.24 (m, 2H), 5.57-5.46 (dm, JHF = 53.4 Hz, 1H), 3.29-3.28 (m, 2H), 3.24-2.23 (m, 2H); 19F NMR 
(376 MHz, CDCl3): δ -173.53 -(-174.00) (m); 13C NMR (CDCl3, 150 MHz): 
δ 140.01, 126.90, 124.87, 94.8 (d, JCF = 175.5 Hz), 40.66, 40.51; IR (thin film): 3023, 2957, 2902, 1519, 
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1507, 1482, 1458, 1396, 1346, 1320, 1296, 1273, 1214; HRMS (EI+): m/z calculated for C9H9F ([M]+) 
136.0688, found 136.0688. 
 (1-Fluoropropan-2-yl)benzene (F16) 
 
The average 1H NMR yield for the title compound was 43% (two trials) after 12 hours. The isolated yield 
was 36%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 7.38-7.35 (m, 2H), 
7.30-7.26 (m, 3H), 4.59-4.40 (m, 2H), 3.22-3.13 (m, 1H), 1.38 (dd, JHF = 12 Hz, JHH = 6 Hz); 19F NMR 
(376 MHz, CDCl3): δ -216.80 -(-217.00) (m); 13C NMR (CDCl3, 150 MHz): δ 142.2 (d, JCF = 6 Hz), 
128.6, 127.4, 126.9, 88.1 (d, JCF = 171.5 Hz), 40.4 (d, JCF = 18.0 Hz), 16.9 (d, JCF = 6.0 Hz); IR (thin 
film): 3061, 3028, 2966, 2895, 1949, 1868, 1808, 1731, 1716, 1697, 1682, 1652, 1602, 1540, 1494, 1453, 
1389, 1374, 1338, 1302; HRMS (EI+): m/z calculated for C9H11F ([M]+) 138.0845, found 138.0846 
2-(2-Fluoropropyl)thiophene (F17) 
    
The average 1H NMR yield for the title compound was 34% (two trials) after 12 hours. The isolated yield 
was 17%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 7.21-7.20 (m, 1H), 
6.99-6.97 (m, 1H), 6.90-6.89 (m, 1H), 4.95-4.82 (dm, JHF = 48 Hz, 1H), 3.23-3.07 (m, 2H), 1.39 (d, JHF = 
24 Hz, JHH = 6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -170.44 -(-170.72) (m); 13C NMR (CDCl3, 150 
MHz): δ 138.9 (d, JCF = 4.5 Hz), 126.9, 126.2, 124.3, 90.6 (d, JCF = 168 Hz), 37.2 (d, JCF = 22.5 Hz), 20.4 
(d, JCF = 22.5 Hz); IR (thin film): 2979, 2932, 1698, 1683, 1652, 1570, 1488, 1455, 1436, 1338, 1255; 
HRMS (EI+): m/z calculated for C7H9FS 144.04090; found 144.04107 
3-(2-Fluoropropyl)thiophene (F18) 
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The average 1H NMR yield for the title compound was 54% (two trials) after 12 hours. The isolated yield 
was 46%. Two equivalents of Et3N•3HF were used. 1H NMR (600 MHz, CDCl3): δ 7.31-7.30 (m, 1H), 
7.08-7.07 (m, 1H), 7.02-7.01 (m, 1H), 4.96-4.83 (dm, JHF = 48 Hz, 1H), 3.29-3.28 (m, 2H), 1.37 (d, JHF = 
24 Hz, JHH = 6 Hz, 3H); 19F NMR (376 MHz, CDCl3): δ -170.46 -(-170.89) (m); 13C NMR (CDCl3, 150 
MHz): δ 137.3 (d, JCF = 4.5 Hz), 128.7, 125.5, 122.2, 90.6 (d, JCF = 167 Hz), 37.6 (d, JCF = 22.5 Hz), 20.6 
(d, JCF = 22.5 Hz); IR (thin film): 2979, 2930, 2398, 1716, 1698, 1683, 1636, 1575, 1520, 1488, 1456, 
1381, 1339, 1247; HRMS (EI): m/z calculated for C7H9FS 144.04090; found 144.0410 
cis- and trans-1-Fluoro-2-methylcyclopentane (F19) 
 
The following 1H NMR peaks were used for the identification of cis-1-fluoro-2-methylcyclopentane by 
comparison with the literature: 1H NMR (400 MHz, CDCl3): δ 4.83 (dm, 1H, JHF = 56.0 Hz); The 
following 19F NMR peaks were used for the identification of cis-1-fluoro-2-methylcyclopentane by 
comparison with the literature:24 19F NMR (376 MHz, CDCl3): δ -189.70 - (-190.11) (m); The following 
1H NMR peaks were used for the identification of trans-1-fluoro-2-methylcyclopentane by comparison 
with the literature:24 1H NMR (400 MHz, CDCl3):  δ 4.65 (dm, 1H, JHF = 44.0 Hz); The following 19F 
NMR peaks were used for the identification of trans-1-fluoro-2-methylcyclopentane by comparison 
with the literature:24 19F NMR (376 MHz, CDCl3): δ -170.19 - (-170.89) (m); Based on the crude 1H 
NMR, using 0.25 mmol HMDS as an internal standard, the average 1H NMR yield for this reaction was 
estimated to be 42% with a 2:1 d.r. favoring the cis isomer.  
8- Lutidinium Mesylate.  
 The mesylate was prepared by the careful addition of 2,6-lutidine to a solution of the methane 
sulfonic acid in dichloromethane. In a typical procedure: methane sulfonic acid (279 mL, 8.6 mmol) was 
stirred in dichloromethane while 2,6-lutidine (1.20 mL, 10.3 mmol) was added dropwise. The mixture 
was stirred for 20 minutes and the solvent removed under reduced pressure. The pink solid recovered was 
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filtered and washed extensively with diethyl ether to form a white solid. The spectroscopic data for 2,6-
lutidinium mesylate are as follows: 1H NMR (600 MHz, CDCl3): δ 8.14 (t, J = 6 Hz, 1H), 7.48 (d, J = 6 
Hz, 2H), 2.91 (s, 6H), 2.88 (s, 3H).  
All other sulfonates salts were prepared using the same procedure. 
9- Characterization for the Anti-Markovnikov Hydrooxysulfonylation Products 
1-Phenylpronan-2-yl methanesulfonate (S1) 
 
The average 1H NMR yield for the title compound was 72% (two trials). Using Method E, the isolated 
yield was 67%. Analytical data for 10a were in agreement with literature values:21 1H NMR (600 MHz, 
CDCl3): δ 7.36-7.33 (m, 2H), 7.29-7.25 (m, 3H), 4.88-4.93 (m, 1H), 3.02-2.92 (dd, JCH = 24 Hz, JCH = 6 
Hz, 2H), 2.51 (s, 3H), 1.38 (d, JHH = 6 Hz, 3H); 13C NMR (CDCl3, 150 MHz): d 136.9, 
129.6, 128.7, 127.1, 81.6, 43.0, 37.6, 21.6; IR (thin film): 3029, 2983, 1496, 1454, 1412, 1348, 1213, 
1173; HRMS (ESI+): m/z calculated for C10H14O3SNa ([M+Na]+) 237.0561, found 237.0558 
1-Phenylpropan-2-yl benzenesulfonate (S2) 
 
The average 1H NMR yield for the title compound was 37% (two trials). Using Method E, the isolated 
yield was 35%. Analytical data for 11a: 1H NMR (600 MHz, CDCl3): δ 7.77-7.75 (m, 2H), 7.61-7.58 (m, 
1H), 7.47-7.44 (m, 2H), 7.23-7.21 (m, 3H), 7.07-7.05 (m, 2H), 4.82-4.77 (m, 1H), 2.97-2.80 (m, 2H), 
1.34 (d, JHH = 6 Hz, 3H); 13C NMR (CDCl3, 150 MHz): 137.0, 136.2, 133.3, 129.4, 129.1, 128.5, 127.6, 
126.8, 81.0, 43.0, 20.6; IR (thin film): 3068, 3064, 3029, 2982, 2935, 1496, 1480, 1355, 1312, 1294, 
1247; HRMS (ESI+): m/z calculated for C15H16O3SNa  ([M+Na]+) 299.0718, found 299.0716. 
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10- Procedure for the hydration of β-Methylstyrene in water 
 An aqueous solution of trifluoromethylsulfonic acid (pH = 3.0) was previously prepared and 
sparged. β-Methylstyrene had been previously distilled, sparged and stored under positive nitrogen 
pressure. SDS (576 mg, 2.0 mmol, 4.0 equiv.) and catalyst 2 (11.6 mg, 0.0025 mmol, 0.05 equiv.) were 
added to a two-dram vial containing a magnetic stir bar. The acidic water solution (2.0 ml) was added via 
syringe. The vial was capped and stirred while sparging. β-Methylstyrene (65 µl, 0.5 mmol, 1.0 equiv.) 
and 4-methoxythiophenol (6.2 µl, 0.005 mmol, 0.1 equiv.) were added using a micro syringe. The sparge 
was stopped after 15 minutes and the vial was placed in front of two blue LED lamps. The reaction was 
irradiated for 24 hours before dichloromethane was added. The vial was washed with dichloromethane 
then water. The biphasic mixture was poured into a separatory funnel. Brine (10 ml) was added and the 
aqueous layer was washed with dichloromethane (4 x 5 ml). The combined organic layers were dried over 
sodium sulfate and the solvent was evaporated under reduced pressure. Hexamethyldisiloxane (53 µl, 
0.25 mmol, 0.5 equiv.) was added to the crude reaction mixture and served as an internal 1H NMR 
standard. The 1H NMR yield for this transformation was 76%. The alcohol had been previously isolated at 
an earlier stage of the optimization process and matched the previously reported 1H NMR data. 1H NMR 
(600 MHz, CDCl3): δ 7.36 - 7.24 (m, 5H), 4.08 – 4.03 (m, 1H), 2.84 – 2.81 (dd, JCH = 13.2 Hz, JCH = 4.8 
Hz, 1H), 2.74 – 2.70 (dd, JCH = 13.2 Hz, JCH = 7.8 Hz, 1H), 1.28 (d, JCH = 6.0 Hz, 3H) 
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 11- 1H, 13C, 19F Spectra 
1H NMR spectrum for 9-mesityl-10-phenylacridinium tetrafluoroborate (1) 
 
13C NMR spectrum for 9-mesityl-10-phenylacridinium tetrafluoroborate (2) 
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1H NMR spectrum for 9-mesityl-2,7-dimethyl-10-phenylacridinium tetrafluoroborate (3) 
 
13C NMR spectrum for 9-mesityl-2,7-dimethyl-10-phenylacridinium tetrafluoroborate (4) 
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1H NMR spectrum for (2-fluoropropyl)benzene (F1) 
 
 
13C NMR spectrum for (2-fluoropropyl)benzene (F1)  
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19F NMR spectrum for (2-fluoropropyl)benzene (F1) 
 
1H NMR spectrum for 1-chloro-4-(2-fluoropropyl)benzene (F2) 
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13C NMR spectrum for 1-chloro-4-(2-fluoropropyl)benzene (F2) 
 
 
 
19F NMR spectrum for 1-chloro-4-(2-fluoropropyl)benzene (F2) 
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1H NMR spectrum for 1-chloro-3-(2-fluoropropyl)benzene (F3) 
 
 
 
13C NMR spectrum for 1-chloro-3-(2-fluoropropyl)benzene (F3) 
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19F NMR spectrum for 1-chloro-3-(2-fluoropropyl)benzene (F3) 
 
 
 
1H NMR spectrum for 1-chloro-2-(2-fluoropropyl)benzene (F4) 
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13C NMR spectrum for 1-chloro-2-(2-fluoropropyl)benzene (F4) 
 
 
 
19F NMR spectrum for 1-chloro-2-(2-fluoropropyl)benzene (F4) 
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1H NMR spectrum for 1-bromo-4-(2-fluoropropyl)benzene (F5) 
 
 
 
13C NMR spectrum for 1-bromo-4-(2-fluoropropyl)benzene (F5) 
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19F NMR spectrum for 1-bromo-4-(2-fluoropropyl)benzene (F5) 
 
 
 
1H NMR spectrum for 1-bromo-3-(2-fluoropropyl)benzene (F6) 
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13C NMR spectrum for 1-bromo-3-(2-fluoropropyl)benzene (F6) 
 
 
 
19F NMR spectrum for 1-bromo-3-(2-fluoropropyl)benzene (F6) 
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1H NMR spectrum for methyl 4-(2-fluoropropyl)benzoate (F7) 
 
 
13C NMR spectrum for methyl 4-(2-fluoropropyl)benzoate (F7) 
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19F NMR spectrum for methyl 4-(2-fluoropropyl)benzoate (F7) 
 
1H NMR spectrum for 1-fluoro-4-(2-fluoropropyl)benzene (F8) 
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13C NMR spectrum for 1-fluoro-4-(2-fluoropropyl)benzene (F8) 
 
 
19F NMR spectrum for 1-fluoro-4-(2-fluoropropyl)benzene (F8) 
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1H NMR spectrum for 1-(2-fluoropropyl)-4-methylbenzene (F9) 
 
 
 
13C NMR spectrum for 1-(2-fluoropropyl)-4-methylbenzene (F9) 
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19F NMR spectrum for 1-(2-fluoropropyl)-4-methylbenzene (F9) 
 
1H NMR spectrum for 1-(2-fluoropropyl)-3-methylbenzene (F10) 
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13C NMR spectrum for 1-(2-fluoropropyl)-3-methylbenzene (F10) 
 
19F NMR spectrum for 1-(2-fluoropropyl)-3-methylbenzene (F10) 
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1H NMR spectrum for 1-(2-fluoropropyl)-2-methylbenzene (F11) 
 
13C NMR spectrum for 1-(2-fluoropropyl)-2-methylbenzene (F11) 
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19F NMR spectrum for 1-(2-fluoropropyl)-2-methylbenzene (F11) 
 
 
1H NMR spectrum for 1-(tert-butyl)-4-(2-fluoropropyl)benzene (F12) 
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13C NMR spectrum for compound 6k: 1-(tert-butyl)-4-(2-fluoropropyl)benzene (F12) 
 
 
19F NMR spectrum for 1-(tert-butyl)-4-(2-fluoropropyl)benzene (F12) 
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1H NMR spectrum for 1-(2-fluoropropyl)-3-methoxybenzene (F13) 
 
 
13C NMR spectrum for 1-(2-fluoropropyl)-3-methoxybenzene (F13) 
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19F NMR spectrum for 1-(2-fluoropropyl)-3-methoxybenzene (F13) 
 
 
1H-NMR spectrum for 1-(2-fluoropropyl)-2-methoxybenzene (F14) 
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13C NMR spectrum for 1-(2-fluoropropyl)-2-methoxybenzene (F14) 
 
 
 
19F-NMR spectrum for 1-(2-fluoropropyl)-2-methoxybenzene (F14) 
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1H NMR spectrum for 2-fluoro-2,3-dihydro-1H-indene (F15) 
 
 
 
13C NMR spectrum for 2-fluoro-2,3-dihydro-1H-indene (F15) 
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19F NMR spectrum for 2-fluoro-2,3-dihydro-1H-indene (F15) 
 
 
 
1H NMR spectrum for (1-fluoropropan-2-yl)benzene (F16) 
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13C-NMR spectrum for (1-fluoropropan-2-yl)benzene (F16) 
 
 
 
19F NMR spectrum for (1-fluoropropan-2-yl)benzene (F16) 
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1H NMR spectrum for 2-(2-fluoropropyl)thiophene (F17) 
 
 
13C NMR spectrum for 2-(2-fluoropropyl)thiophene (F17) 
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19F NMR spectrum for 2-(2-fluoropropyl)thiophene (F17) 
 
 
1H NMR spectrum for 3-(2-fluoropropyl)thiophene (F18) 
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13C-NMR spectrum for 3-(2-fluoropropyl)thiophene (F18) 
 
 
19F NMR spectrum for 3-(2-fluoropropyl)thiophene (F18) 
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1H NMR spectrum for cis- and trans-1-fluoro-2-methylcyclopentane (F19) 
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19F-NMR spectrum for cis- and trans-1-fluoro-2-methylcyclopentane (F19) 
 
1H NMR spectrum for 1-phenylpronan-2-yl methanesulfonate (S1) 
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13C NMR spectrum for 1-phenylpronan-2-yl methanesulfonate (S1) 
 
 
 
1H NMR spectrum for 1-phenylpropan-2-yl benzenesulfonate (S2) 
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13C NMR spectrum for 1-phenylpropan-2-yl benzenesulfonate (S2) 
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APPENDIX 2: SUPPORTING INFORMATION FOR THE POLAR RADICAL CROSSOVER 
CYCLOADDITION OF ALKENES AND ALKENOL AND FOR THE CYCLOADDITION OF 
ALKENES AND ALLYLIC AMINES 
 
1 - General Methods   
 
Infrared (IR) spectra were obtained using a Jasco 260 Plus Fourier transform infrared spectrometer. 
Proton and carbon magnetic resonance spectra (1H NMR and 13C NMR) were recorded on a Bruker model 
DRX 400, DRX 500, or a Bruker AVANCE III 600 CryoProbe (1H NMR at 400 MHz, 500 MHz or 600 
MHz and 13C NMR at 101, 126, or 151 MHz) spectrometer with solvent resonance as the internal 
standard (1H NMR:  CDCl3 at 7.24 ppm; 13C NMR: CDCl3 at 77.0 ppm).  1H NMR data are reported as 
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, ddt = 
doublet of doublet of triplets, ddd = doublet of doublet of doublets, dddd = doublet of doublet of doublet 
of doublets m = multiplet, brs = broad singlet), coupling constants (Hz), and integration.  Mass spectra 
were obtained using a Micromass (now Waters Corporation, 34 Maple Street, Milford, MA 01757) 
Quattro-II, Triple Quadrupole Mass Spectrometer, with a Z-spray nano-Electrospray source design, in 
combination with a NanoMate (Advion 19 Brown Road, Ithaca, NY 14850) chip based electrospray 
sample introduction system and nozzle. Thin layer chromatography (TLC) was performed on SiliaPlate 
250 µm thick silica gel plates provided by Silicycle.  Visualization was accomplished with short wave UV 
light (254 nm), aqueous basic potassium permanganate solution, or cerium ammonium molybdate 
solution followed by heating.  Flash chromatography was performed using SiliaFlash P60 silica gel (40-
63 µm) purchased from Silicycle.  Tetrahydrofuran, diethyl ether, dichloromethane, and toluene were 
dried by passage through a column of neutral alumina under nitrogen prior to use.  Irradiation of 
photochemical reactions was carried out using a 15W PAR38 blue LED floodlamp purchased from 
EagleLight (Carlsbad, CA.  All other reagents were obtained from commercial sources and used without 
further purification unless otherwise noted. GCMC analysis was conducted on an Agilent 6850Series GC 
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system coupled to an Agilent 5973 network mass selective detector. The method used was 125 ºC for 
3min, then an increase of 20 ˚C/min followed by 5 minutes at 250 ºC, unless otherwise noted 
2 - Preparation of Acridinium Photocatalyst 
 
9-mesityl-10-methylacridinium perchlorate (Catalyst 1b). A clean, dry 250 mL roundbottom 
flask equipped with a Teflon coated stir bar was charged with 80 mL of anhydrous diethyl ether and was 
cooled to -78 °C in a dry ice/acetone bath. Then, 18.4 mL of a 1.7 M solution of tert-butyl lithium in 
pentanes (31 mmol, 2.6 equiv.) was added with stirring. Mesityl bromide (2.3 mL, 15.5 mmol, 1.3 equiv.) 
was added to the solution dropwise over three minutes. The solution was stirred for 30 minutes. N-
methylacridoneS6 (2.5 g, 12 mmol) was then added quickly in one portion to the solution. The reaction 
stirred for one hour at -78 °C, and then was allowed to come to room temperature and stirred for three 
days. Approximately 50 mL of a 10% w/v solution of sodium carbonate was added slowly to the solution 
with vigorous stirring for 10 minutes, followed by 150 mL of diethyl ether. The mixture was transferred 
to a 500 mL separatory funnel, and washed with two 100 mL portions of brine. The aqueous layer was 
separated and extracted with three additional 100 mL portions of diethyl ether. All organic portions were 
combined, dried over magnesium sulfate, filtered, and solvent was removed under vacuum leaving a 
yellow/white solid. The sold was redissolved in a minimum amount of ethyl acetate (approximately 230 
mL), and treated with three to five drops of 71% perchloric acid with swirling of the solution in between 
drops. A yellow precipitate formed and the solution was allowed to stand for 1 minute. The solid was then 
collected by vacuum filtration, rinsed with a small amount of ethyl acetate, and then the filtrate was 
treated again with several drops of perchloric acid, initiating further precipitate formation. The process 
was repeated six additional times until no further precipitate formed upon treatment of the solution with 
perchloric acid. In total, 3.9 g (96%) of 9-mesityl-10-methylacridinium perchlorate was collected. 
N+
ClO4
-
Li
THF, -78º ! 25º
1)
2) HClO4, EtOAc
N
O
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Spectral data matches that reported in the literature.  Analytical data for 9-mesityl,10-methylacridinium 
perchlorate: 1H NMR (300 MHz, CDCl3): δ 8.81 (d, J = 6.9 Hz, 2H), 8.43 (dt, J = 5.4 Hz, J = 1.0 Hz, 
2H), 7.90-7.79 (m, 4H), 7.18 (s, 2H), 5.14 (s, 3H), 2.51 (s, 3H), 1.76 (s, 6H). 
3 - Preparation of Substrates for the PRCC with alkenols and alkenes 
 
 
 
4,7-dihydro-1,3,2-dioxathiepine 2-oxide. In a dry 100 mL round bottom flask, 5.10 g of dry 
imidazole (7.5 mmol) was dissolved in 50 mL of dichloromethane. 5.46mL (7.5 mmol) of thionyl 
chloride were added via syringe. In a dry 250 mL round bottom flask 4.93 mL (6.0 mmol) of the alcohol 
were dissolved in 15 mL of dichloromethane. The first solution was added to the latter in a dropwise 
fashion. After the addition, the reaction was stirred for an additional hour. Water was added and the 
aqueous solution extracted with dichloromethane. The organic layer was dried with anhydrous sodium 
sulfate and concentrated under vacuum. The remaining liquid was purified via flash chromatography 
using a 15/85 mixture of ethyl acetate/hexanes as the eluent.  Analytical data for 4,7-dihydro-1,3,2-
dioxathiepine 2-oxide. Spectral data matches the literature precedent[1]. 
 
 
  
 
(Z)-2-(4-hydroxybut-2-en-1-yl)isoindoline-1,3-dione. In a dry 250 mL round bottom flask, 3.5g 
(30.0 mmol) of 4,7-dihydro-1,3,2-dioxathiepine 2-oxide were added to 15 mL of DMF (1.83 g, 26.1 
mmol) of potassium phtalamide were added all at once. The reaction mixture was stirred for one hour at 
100 °C. The reaction was quenched by adding 30 mL of a saturated ammonium chloride solution. The 
aqueous layer was extracted with diethyl ether and the organic layer was washed with water. After drying 
the organic layer with sodium sulfate it was concentrated under vacuum and purified by flash 
OH
HO
 SOCl2, imidazole
DCM, rt, 1 hour O
S
O
O
N
HO
O
O
O
S
O
O
KN
O
O
DMF, 100 °C
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chromatography (10/90 MeOH/DCM). Analytical data for (Z)-2-(4-hydroxybut-2-en-1-yl)isoindoline-1,3-
dione: spectral data matches the literature precedent[1]. 
 
4 – Tetrahydrofuran synthesis via the PRCC reaction between alkenols and alkenes 
General Procedure: 
In a four-dram vial containing a magnetic stir bar, 120 mg (0.846 mmol, 1.0 equiv.) of Phenyl-
Malononitrile were introduced together with 8.7 mg (0.00325 mmol, 0.025 equiv.) of the acridinium 
catalyst. The vial containing the solids was taken into the glove box where 1.5 mL of solvent was added. 
The alkenol was then added via syringe (4.23 mmol, 5.0 equiv.) as well as the alkene (0.846 mmol, 1.0 
equiv.). The vial was capped with a septum cap, tightly sealed, transferred from the glove box and placed 
in front of a blue light LED lamp  (450 nm) and on a magnetic stirrer. The course of the reaction was 
monitored by TLC. When the reaction was complete the solvent was removed and the crude reaction 
mixture purified by silica gel, using the indicated solvent system. 
 
2,4-dimethyl-3-phenyltetrahydrofuran (OC1) 
Prepared in DCM with 120 mL of alkene and 288 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 48 hours, 63 % yield, 10:6:1 dr. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, CDCl3) 
δ = 7.39 - 7.29 (m, 3H), 7.29 - 7.21 (m, 3H), 7.21 - 7.16 (m, 2H), 4.37 (p, J = 6.3 Hz, 1H), 4.32 - 4.24 (m, 
1H), 4.19 (t, J = 7.7 Hz, 2H), 4.08 - 3.98 (m, 1H), 3.65 - 3.51 (m, 2H), 3.44 (t, J = 8.5 Hz, 1H), 3.00 (t, J 
= 7.7 Hz, 1H), 2.94 (t, J = 7.4 Hz, 1H), 2.72 - 2.58 (m, 1H), 2.58 - 2.45 (m, 1H), 2.33 (t, J = 9.8 Hz, 1H), 
1.30 (d, J = 6.1 Hz, 3H), 1.22 (d, J = 6.0 Hz, 3H), 1.10 (d, J = 6.7 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H), 0.84 
(d, J = 6.4 Hz, 3H), 0.70 (d, J = 7.1 Hz, 3H).13C NMR (101 MHz, CDCl3) δ = 206.93, 168.14, 139.83, 
134.16, 133.95, 132.06, 132.04, 131.91, 128.94, 128.79, 128.66, 128.48, 128.31, 128.15, 127.97, 127.45, 
O Me
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127.00, 126.68, 126.53, 125.07, 124.56, 123.46, 123.43, 123.20, 82.76, 81.81, 80.88, 72.91, 72.67, 72.56, 
65.87, 60.51, 56.94, 55.60, 55.01, 48.44, 47.93, 46.29, 43.21, 40.90, 36.83, 36.79, 32.78, 32.05, 30.95, 
28.23, 20.98, 20.93, 18.97, 17.15, 15.32. IR (cm-1): 3084, 3061, 3028, 2967, 2926, 2871, 1602, 1583, 
1494, 1455, 1385. [M+H] calculated: 177.12 actual: 177.03 
Note: relative stereochemistry was assigned via 1H NMR (anisotropy effects on the methyl groups), 
COSY, NOESY experiments and by comparison with literature precedent[2]. 
 
3-(4-chlorophenyl)-2,4-dimethyltetrahydrofuran (OC2) 
Prepared in DCM with 119 mL of alkene and 288 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 48 hours, 70 % yield, 10:6:1 dr. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, 
Chloroform-d) δ = 7.33 - 7.22 (m, 5H), 7.18 - 7.05 (m, 5H), 4.33 - 4.20 (m, 1H), 4.20 - 4.09 (m, 2H), 3.95 
(m, 1H), 3.83 (d, J = 24.0 Hz, 1H), 3.57 (t, J = 8.5 Hz, 1H), 3.51 (dd, J = 8.5, 6.7 Hz, 1H), 3.40 (d, J = 8.6 
Hz, 1H), 2.94 (dd, J = 8.1, 7.0 Hz, 1H), 2.87 (t, J = 7.1 Hz, 1H), 2.68 - 2.57 (m, 1H), 2.50 - 2.38 (m, 1H), 
2.28 (t, J = 9.8 Hz, 1H), 1.26 (d, J = 6.1 Hz, 3H), 1.18 (d, J = 6.0 Hz, 3H), 1.07 (d, J = 6.7 Hz, 3H), 0.96 
(d, J = 6.5 Hz, 3H), 0.81 (d, J = 6.4 Hz, 3H), 0.66 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 
138.48, 138.23, 132.65, 132.30, 130.20, 130.09, 129.36, 128.93, 128.52, 128.50, 125.27, 82.58, 79.10, 
77.87, 77.48, 77.16, 76.84, 74.68, 74.49, 74.46, 74.21, 61.31, 56.47, 55.41, 43.22, 40.01, 37.94, 30.45, 
20.76, 19.35, 17.68, 17.33, 15.92, 14.49. IR (cm-1): 3028, 2967, 2870, 1899, 1596, 1493, 1455, 1413 and 
1380. [M+Na] calculated: 233.67 actual: 233.26 
 
3-methyl-3,3a,8,8a-tetrahydro-2H-indeno[2,1-b]furan (OC3) 
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 Prepared in DCM with 99 mL of alkene and 288 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 48 hours, 63% yield, 2.6:1 dr. Isolated as an inseparable mixture of diastereomers. 
Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, Chloroform-d) d = 
7.33 - 7.13 (m, 8H), 5.01 (td, J = 6.9, 2.2 Hz, 1H), 4.90 (td, J = 6.2, 1.5 Hz, 1H), 3.89 (dd, J = 8.3, 6.5 Hz, 
1H), 3.85 - 3.74 (m, 2H), 3.49 - 3.39 (m, 1H), 3.31 - 3.15 (m, 4H), 3.15 - 3.02 (m, 2H), 2.71 - 2.57 (m, 
1H), 2.50 - 2.37 (m, 1H), 1.28 (d, J = 7.0 Hz, 3H), 1.06 (d, J = 7.0 Hz, 3H).13C NMR (101 MHz, CDCl3) 
δ = 144.77, 143.72, 140.72, 127.21, 127.15, 126.96, 126.53, 126.12, 125.14, 124.90, 124.34, 100.13, 
83.85, 82.79, 74.88, 73.83, 58.27, 53.53, 41.70, 40.75, 40.13, 38.14, 19.04, 13.27. IR (cm-1): 3414, 3067, 
3021, 2928, 1622, 1584, 1479, 1457, 1426, 1377, 1331, 1266, [M+H] calculated: 175.10 actual: 175.08 
Note: relative stereochemistry was assigned via 1H NMR, COSY, NOESY experiments 
 
3-methyl-3a-phenyloctahydrobenzofuran (OC4) 
Prepared in DCM with 135 mL of alkene and 288 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 4 days, 60 % yield, 1.2:1 dr. Isolated as an inseparable mixture of diastereomers. 
Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, Chloroform-d) δ = 
7.45 - 7.31 (m, 5H), 7.31 - 7.18 (m, 4H), 4.53 - 4.40 (m, 2H), 4.34 (dd, J = 8.4, 7.2 Hz, 1H), 4.17 (t, J = 
8.6 Hz, 1H), 3.66 (dd, J = 9.9, 8.2 Hz, 1H), 3.52 (dd, J = 8.4, 3.4 Hz, 1H), 2.47 - 2.37 (m, 1H), 2.32 (pt, J 
= 7.2, 3.7 Hz, 1H), 2.13 - 2.02 (m, 2H), 2.02 - 1.90 (m, 2H), 1.90 - 1.79 (m, 2H), 1.69 - 1.55 (m, 3H), 1.52 
(dd, J = 13.9, 3.3 Hz, 1H), 1.50 - 1.39 (m, 4H), 1.25 (qt, J = 13.9, 3.7 Hz, 1H), 1.09 - 0.96 (m, 1H), 0.84 
(d, J = 6.9 Hz, 2H), 0.57 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 142.68, 142.35, 128.44, 
128.07, 126.80, 125.95, 125.74, 82.42, 76.36, 73.25, 72.37, 50.80, 48.46, 48.13, 44.23, 35.31, 26.78, 
26.03, 24.35, 21.98, 21.92, 20.93, 20.45, 17.37, 15.28, 9.78 IR (cm-1): 3415, 3088, 3057, 3024, 2932, 
2861, 2667, 1945, 1600, 1579, 1538, 1497, 1447, 1379, 1364, 1344, 1325. [M+H] calculated: 216.15 
actual: 216.15 
O
Me Ph
H
O
Me Ph
H
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH
Ph
! 164 
 
(4-methyl-3-phenyltetrahydrofuran-2-yl)methanol (OC5)  
Prepared in MeNO2 with 114 mg of alkene and 288 mL of alkenol. Eluent for purification: 70:30 
pentane/diethyl ether.  2 days, 55 % yield, 11:8.5:1 dr. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, 
Chloroform-d) δ = 7.39 - 7.31 (m, 3H), 7.31 - 7.24 (m, 3H), 7.24 - 7.19 (m, 2H), 4.43 - 4.37 (m, 1H), 4.25 
(dd, J = 7.9 Hz, 1H), 4.16 (dd, J = 8.3, 6.6 Hz, 1H), 4.10 - 4.03 (m, 1H), 3.83 - 3.70 (m, 2H), 3.67 (dd, J = 
8.4, 6.7 Hz, 1H), 3.64 - 3.47 (m, 2H), 3.30 (dd, J = 7.9, 6.7 Hz, 1H), 2.72 (t, J = 10.0 Hz, 1H), 2.68 - 2.50 
(m, 1H), 2.25 (d, J = 6.3 Hz, 1H), 1.81 (s, 1H), 1.08 (d, J = 6.6 Hz, 3H), 1.00 (d, J = 6.4 Hz, 3H), 0.72 (d, 
J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ =139.45, 139.29, 129.02, 128.91, 128.88, 128.71, 
128.59, 128.48, 128.18, 127.13, 126.74, 86.93, 83.78, 77.48, 77.16, 76.84, 75.29, 74.96, 64.67, 62.94, 
54.53, 50.05, 43.00, 38.72, 31.05, 14.98, 13.92. IR (cm-1): 3418, 3084, 3061, 3028, 2960, 2928, 2872, 
1952, 1881, 1809, 1671, 1602, 1583, 1556, 1494, 1455, 1379, 1326 [M+H] calculated: 193.12 actual: 
193.10 
 
4-methyl-3-phenyltetrahydrofuran-2-yl)methyl benzoatePrepared (OC6) 
In MeNO2 with 149 mg of alkene and 288 mL of alkenol. Eluent for purification: 70:30 pentane/diethyl 
ether.  6 days, 42 % yield, 20:6.6:1 dr. Isolated as an inseparable mixture of diastereomers. Spectral data 
for the two major diastereomers is given herein. 1H NMR (400 MHz, Chloroform-d) d = 8.07 - 8.00 (m, 
4H), 8.00 - 7.93 (m, 2H), 7.61 - 7.52 (m, 4H), 7.49 - 7.41 (m, 3H), 7.41 - 7.33 (m, 3H), 7.33 - 7.22 (m, 
4H), 4.68 (td, J = 6.5, 4.1 Hz, 1H), 4.48 (dd, J = 11.4, 4.2 Hz, 1H), 4.45 - 4.35 (m, 2H), 4.29 (dd, J = 7.8 
Hz, 1H), 4.23 (dd, J = 8.4, 6.5 Hz, 1H), 3.72 (dd, J = 8.4, 6.3 Hz, 1H), 3.66 (dd, J = 9.5, 8.3 Hz, 1H), 3.36 
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(dd, J = 7.2 Hz, 1H), 2.79 - 2.64 (m, 1H), 2.65 - 2.52 (m, 1H), 1.03 (d, J = 6.4 Hz, 3H), 0.76 (d, J = 7.1 
Hz, 3H). 13C NMR (101 MHz, CDCl3) d = 166.49, 138.83, 132.96, 132.92, 130.03, 129.70, 129.67, 
128.86, 128.72, 128.45, 128.31, 128.26, 128.00, 127.13, 126.75, 83.96, 80.84, 77.37, 77.05, 76.73, 75.31, 
74.95, 66.83, 65.89, 56.61, 51.40, 43.22, 38.30, 14.84, 13.83. IR (cm-1): 3062, 3036, 2963, 2929, 2873, 
2248, 1965, 1720, 1601, 1584, 1494, 1452. [M+H] calculated: 297.12 actual: 297.13 
 
 
2,4,4-trimethyl-3-phenyltetrahydrofuran (OC7) 
 Prepared in DCM with 90 mL of alkene and 288 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 72 hours, 95% yield by NMR, 3:1 dr. Isolated as an inseparable mixture of 
diastereomers. 1H NMR (600 MHz, Chloroform-d) d = 4.06 (dd, J = 8.4, 7.4 Hz, 1H), 3.98 - 3.91 (m, 
1H), 3.69 - 3.62 (m, 1H), 3.62 - 3.56 (m, 1H), 3.38 (dd, J = 10.4, 8.0 Hz, 1H), 3.33 (dd, J = 8.4, 6.9 Hz, 
1H), 2.03 - 1.97 (m, 1H), 1.94 (p, J = 7.3 Hz, 1H), 1.11 (d, J = 3.1 Hz, 3H), 1.09 (d, 3H), 0.91 (d, J = 7.1 
Hz, 3H), 0.89 (d, J = 5.4 Hz, 6H). 13C NMR (151 MHz, CDCl3) d = 84.01, 82.56, 77.23, 77.02, 76.81, 
73.29, 72.23, 44.20, 42.65, 42.02, 29.72, 22.88, 22.81, 21.15, 15.94, 14.51, 14.18, 13.50, 10.67. 
IR (cm-1):2567, 2926, 2873, 2242, 1716, 1683, 1652, 1558, 1540, 1507, 1456, 1384. [M+H] calculated: 
129.12 actual: 129.06. GCMS method: 50 ºC for 3min, then an increase of 20 ˚C/min followed by 5 
minutes at 250 ºC, no separation of diatereomers was observed 
Note: relative stereochemistry was assigned via 1H NMR (anisotropy effects on the methyl groups), 
COSY, NOESY experiments. 
 
4-isopropyl-2-methyl-3-phenyltetrahydrofuran (OC8) 
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Prepared in DCM with 120 mL of alkene and 414 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 48 hours, 86 % yield. 12:11:1 dr. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, 
Chloroform-d) d = 7.38 - 7.30 (m, 4H), 7.30 - 7.24 (m, 6H), 4.35 - 4.27 (m, 1H), 4.21 - 4.08 (m, 2H), 3.93 
- 3.81 (m, 2H), 3.75 (dd, J = 11.0, 8.5 Hz, 1H), 3.02 (dd, J = 7.9, 2.7 Hz, 1H), 2.54 (dd, J = 9.2 Hz, 1H), 
2.43 - 2.27 (m, 2H), 1.77 - 1.67 (m, 2H), 1.32 (d, J = 6.4 Hz, 3H), 1.20 (d, J = 6.0 Hz, 3H), 0.85 - 0.75 
(m, 9H). 13C NMR (101 MHz, CDCl3) d = 142.04, 141.74, 129.04, 128.56, 128.18, 128.05, 126.49, 
126.25, 83.79, 83.70, 77.35, 77.07, 77.03, 76.71, 71.61, 70.96, 58.17, 54.54, 54.19, 51.08, 31.28, 26.95, 
22.31, 21.97, 21.61, 21.41, 20.18, 18.70. IR (cm-1): 3027, 2965, 2927, 2869, 1602, 1493, 1454, 1383 
[M+H] calculated: 205.15 actual: 205.15 
 
2,4,4-trimethyl-3-phenyltetrahydrofuran (OC9) 
Prepared in DCM with 120 mL of alkene and 355 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 4 days. >20:1 d.r. 70 % yield. 1H NMR (400 MHz, Chloroform-d) d = 7.41 - 7.24 
(m, 3H), 7.24 - 7.11 (m, 2H), 4.55 - 4.42 (m, 1H), 3.85 - 3.70 (m, 2H), 2.69 - 2.54 (m, 1H), 1.27 (d, J = 
6.0 Hz, 3H), 1.08 (s, 3H), 0.84 (s, 3H). 13C NMR (101 MHz, CDCl3) d = 137.44, 129.05, 128.14, 126.74, 
80.94, 78.36, 77.37, 77.05, 76.73, 65.86, 63.47, 43.34, 25.83, 22.64, 20.14, 15.29.IR (cm-1): 3029, 2965, 
2926, 2869, 1602, 1493, 1453, 1367 [M+H] calculated: 191.14 actual: 191.18 
Note: relative stereochemistry was assigned via 1H NMR (anisotropy effects on the methyl groups), 
COSY, NOESY experiments 
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Prepared in DCM with 120 mL of alkene and 366 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 4 days. 12:10:1 d.r. 58 % yield. Isolated as an inseparable mixture of diastereomers. 
Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, Chloroform-d) d = 
7.39 - 7.30 (m, 4H), 7.30 - 7.17 (m, 6H), 4.36 - 4.26 (m, 1H), 4.13 (dq, J = 9.2, 6.0 Hz, 1H), 3.82 (dq, J = 
9.1, 6.1 Hz, 1H), 3.74 (dq, J = 8.0, 6.0 Hz, 1H), 3.03 (dd, J = 9.2, 6.6 Hz, 1H), 2.47 (dd, J = 11.1, 9.3 Hz, 
1H), 2.22 ? 2.09 (m, 1H), 2.09 - 1.95 (m, 1H), 1.38 - 1.30 (m, 9H), 1.23 (d, J = 6.0 Hz, 3H), 0.93 (d, J = 
6.5 Hz, 3H), 0.63 (d, J = 7.1 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 140.43, 139.93, 130.27, 129.13, 
128.95, 128.73, 128.71, 128.31, 128.28, 128.08, 128.04, 126.94, 126.49, 126.43, 81.66, 81.63, 81.09, 
80.85, 79.74, 77.48, 77.16, 77.07, 76.84, 62.54, 57.60, 56.51, 50.27, 47.03, 44.84, 30.45, 21.39, 20.48, 
20.01, 19.75, 19.45, 18.68, 15.86, 14.49, 14.01. IR (cm-1): 3062, 3028, 2966, 2926, 1602, 1494, 1454, 
1375, 1321. [M+H] calculated: 191.14 actual: 191.15 
Note: relative stereochemistry was assigned via 1H NMR (anisotropy effects on the methyl groups), 
COSY, NOESY experiments 
 
2-(5-methyl-4-phenyltetrahydrofuran-3-yl)ethanol (OC11) 
Prepared in MeNO2 with 120 mL of alkene and 360 mL of alkenol. Eluent for purification: 70:30 
pentane/diethyl ether. 14:12:1 dr 12 hours, 78 % yield, dr. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, 
Chloroform-d) δ = 7.37 - 7.28 (m, 4H), 7.28 - 7.20 (m, 4H), 7.18 (d, J = 7.5 Hz, 2H), 4.35 - 4.26 (m, 1H), 
4.24 - 4.15 (m, 2H), 4.00 - 3.89 (m, 1H), 3.86 (t, J = 5.8 Hz, 1H), 3.69 (dd, J = 8.3 Hz, 1H), 3.63 (dd, J = 
8.3 Hz, 1H), 3.53 - 3.39 (m, 4H), 3.24 - 3.17 (m, 1H), 3.12 - 3.05 (m, 1H), 3.02 (dd, J = 8.5, 6.1 Hz, 1H), 
2.73 - 2.62 (m, 1H), 2.62 - 2.51 (m, 1H), 2.41 (dd, J = 9.7 Hz, 1H), 1.94 (s, 1H), 1.85 - 1.65 (m, 2H), 1.65 
- 1.53 (m, 1H), 1.38 - 1.30 (m, 1H), 1.28 (d, J = 6.1 Hz, 3H), 1.25 - 1.21 (m, 1H), 1.19 (d, J = 6.1 Hz, 
3H), 0.83 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 144.88, 140.07, 129.24, 129.07, 128.91, 
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128.84, 128.76, 128.47, 128.40, 128.03, 127.97, 127.91, 127.76, 127.44, 127.05, 126.65, 126.61, 125.08, 
124.50, 82.70, 81.99, 80.39, 79.45, 78.09, 77.48, 77.36, 77.16, 76.84, 73.40, 73.28, 73.13, 72.73, 69.47, 
68.75, 68.45, 66.71, 61.62, 61.52, 60.44, 57.49, 56.22, 55.49, 55.32, 53.01, 51.67, 47.86, 45.37, 42.84, 
40.16, 36.41, 35.74, 32.34, 21.11, 20.94, 19.08, 18.73, 17.49. IR (cm-1):  3408, 3068, 3028, 2967, 2928, 
2870, 2242, 1952, 1713, 1602, 1583, 1555, 1494, 1454, 1382, 1273 [M+H] calculated: 207.13 actual: 
207.10 
 
2-(2-(5-methyl-4-phenyltetrahydrofuran-3-yl)ethyl)isoindoline-1,3-dione (OC12) 
Prepared in DCM with 120 mL of alkene and 920 mg of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 3 days, 11:5:1 d.r. 71 % yield, 2.2:1 dr. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, CDCl3) 
δ = 7.39 - 7.29 (m, 3H), 7.29 - 7.21 (m, 3H), 7.21 - 7.16 (m, 2H), 4.37 (p, J = 6.3 Hz, 1H), 4.32 - 4.24 (m, 
1H), 4.19 (t, J = 7.7 Hz, 2H), 4.08 - 3.98 (m, 1H), 3.65 - 3.51 (m, 2H), 3.44 (t, J = 8.5 Hz, 1H), 3.00 (t, J 
= 7.7 Hz, 1H), 2.94 (t, J = 7.4 Hz, 1H), 2.72 - 2.58 (m, 1H), 2.58 - 2.45 (m, 1H), 2.33 (t, J = 9.8 Hz, 1H), 
1.30 (d, J = 6.1 Hz, 3H), 1.22 (d, J = 6.0 Hz, 2H), 1.10 (d, J = 6.7 Hz, 1H), 1.00 (d, J = 6.5 Hz, 2H), 0.84 
(d, J = 6.4 Hz, 1H), 0.70 (d, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 140.57, 139.95, 139.64, 
128.91, 128.79, 128.73, 128.34, 128.06, 126.90, 126.49, 82.67, 78.95, 78.12, 74.72, 74.57, 74.52, 61.91, 
56.98, 56.01, 43.11, 39.49, 38.13, 20.80, 19.42, 17.80, 17.22, 16.01, 14.53. IR (cm-1):  2967, 2927, 2360, 
1771, 1615, 1493, 1466, 1435, 1397, 1371 [M+H] calculated: 336.15 actual: 336.19 
 
2,4-dimethyl-3-phenyltetrahydro-2H-pyran (OC13) 
O Me
Ph
NPhth
O Me
Ph
NPhth
O Me
Ph
NPhthcatalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
PhNPhth
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
Ph
O O O
Me
Ph Ph Ph
Me
Me
Me Me
Me
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Prepared in DCM with 120 mL of alkene and 360 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether.  6 days, 32 % yield, 6:3:1 d.r. Isolated as an inseparable mixture of diastereomers. 
Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, Chloroform-d) δ = 
7.35 - 7.25 (m, 5H), 7.25 - 7.16 (m, 2H), 7.16 - 7.04 (m, 3H), 4.15 - 4.09 (m, 1H), 4.09 - 4.01 (m, 1H), 
3.99 - 3.91 (m, 1H), 3.85 (dd, J = 3.2, 1.5 Hz, 1H), 3.84 - 3.79 (m, 1H), 3.77 - 3.68 (m, 1H), 3.68 - 3.58 
(m, 1H), 3.57 - 3.46 (m, 1H), 2.75 - 2.63 (m, 1H), 2.60 - 2.49 (m, 0H), 2.27 - 2.16 (m, 1H), 2.16 - 2.02 
(m, 1H), 1.99 (dd, 1H), 1.93 - 1.77 (m, 2H), 1.77 - 1.65 (m, 1H), 1.56 - 1.34 (m, 2H), 1.08 (d, J = 6.1 Hz, 
3H), 1.04 (d, J = 6.8 Hz, 3H), 0.99 (d, J = 6.2 Hz, 3H), 0.93 (d, J = 6.1 Hz, 3H), 0.89 (d, J = 7.2 Hz, 3H), 
0.70 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 145.98, 143.05, 142.49, 129.46, 129.14, 
128.94, 128.84, 128.63, 128.52, 128.08, 126.83, 126.62, 126.44, 123.78, 81.71, 78.39, 77.80, 77.48, 
77.16, 73.40, 70.83, 68.45, 68.19, 63.00, 61.22, 58.67, 56.32, 53.83, 53.47, 36.45, 35.93, 35.24, 33.71, 
32.74, 30.69, 28.35, 25.99, 21.29, 20.85, 20.68, 20.62, 20.56, 14.53, 14.07. IR (cm-1): 3027, 2926, 1704, 
1600, 1492, 1453, 1376, 1260 [M+H] calculated: 191.14 actual: 191.09 
 
2-methyl-4-methylene-3-phenyltetrahydrofuran (OC14) 
 Prepared in DCM with 120 mL of alkene and 288 mL of alkenol. Eluent for purification: 95:5 
pentane/diethyl ether. 3 days, 10:1 d.r.  60 % yield. 1H NMR (400 MHz, Chloroform-d) δ = 7.34-7.29 (m, 
3H), 7.23-7.29 (m, 3H), 5.05-5.03 (d, J = 2.4 Hz), 4.65-4.68 (m. 2H), 4.51-4.55 (m, 1H), 3.31-3.33 (d, J = 
9.2 Hz), 1.29-1.30 (d, J = 6.0 Hz). 13C NMR (101 MHz, CDCl3) δ = 153.55, 139.82, 129.09, 128.70, 
127.01, 105.78, 83.18, 71.79, 58.68, 18.73. IR (cm-1): 3643, 3288, 3079, 3062, 3028, 2971, 2928, 2868, 
1947, 1804, 1666, 1602, 1492, 1451, 1415, 1383, 1328, 1205. [M+H] calculated: 175.10 actual: 175.08 
 
O Me
Ph
Ph
MeOH
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
O
Me OH
H
O
OH
H
Mecatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH
HO
Me
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2-(3a-methylhexahydro-2H-cyclopenta[b]furan-3-yl)ethanol (OC15) 
Prepared in MeNO2 with 89 mL of alkene and 350 mL of alkenol. Eluent for purification: 70:30 
pentane/diethyl ether. 120 hours, 43 % yield. 1.6:1 d.r. Isolated as an inseparable mixture of 
diastereomers. Spectral data for the two major diastereomers is given herein. 1H NMR (600 MHz, CDCl3) 
δ = 4.05 – 3.92 (m, 3H), 3.87 (d, J = 5.2 Hz, 1H), 3.71 – 3.55 (m, 4H), 3.45 (dd, J = 10.5, 8.5 Hz, 1H), 
3.25 (dd, J = 10.5, 8.6 Hz, 1H), 2.08 – 2.03 (m, 1H), 2.03 – 1.92 (m, 3H), 1.92 – 1.81 (m, 2H), 1.81 – 
1.56 (m, 10H), 1.56 – 1.46 (m, 2H), 1.27 – 1.16 (m, 2H), 1.09 (s, 3H), 1.00 (s, 3H).  13C NMR (151 MHz, 
CDCl3) δ = 92.57, 91.85, 77.37, 77.16, 76.95, 72.72, 72.34, 62.31, 62.18, 52.62, 51.18, 46.86, 46.32, 
40.53, 33.64, 33.24, 32.27, 30.97, 30.22, 25.08, 24.55, 24.33, 21.43. IR (cm-1):  3405, 2952, 2871, 2116, 
1716, 1652, 1560, 1454, 1378, 1341, 1228 [M+H] calculated: 171.13 actual: 171.13 
 
2,4,4,5-trimethyltetrahydrofuran-3-yl)ethanol (OC16) 
 Prepared in MeNO2 with 90 mL of alkene and 350 mL of alkenol. Isolated as an inseparable mixture of 
diastereomers. Eluent for purification: 70:30 pentane/diethyl ether. 48 hours, 53 % yield. 3:1 d.r. 1H 
NMR (400 MHz, Chloroform-d) δ = 4.08 (dd, J = 8.1 Hz, 1H), 4.01 (dd, J = 8.4 Hz, 1H), 3.69 ? 3.55 (m, 
4H), 3.47 (dd, J = 10.2, 8.2 Hz, 1H), 3.42 (dd, J = 8.4 Hz, 1H), 2.04 ? 1.88 (m, 2H), 1.79 ? 1.64 (m, 4H), 
1.50 ? 1.38 (m, 1H), 1.08 (d, J = 6.4 Hz, 6H), 0.92 (d, 12H). 13C NMR (101 MHz, CDCl3) δ = 83.79, 
83.53, 77.34, 77.02, 76.71, 71.53, 71.14, 62.17, 62.06, 46.86, 44.73, 42.14, 41.95, 31.72, 31.15, 23.08, 
22.99, 22.04, 16.34, 14.71, 14.19. IR (cm-1):  3398, 2967, 2873, 1716, 1652, 1558, 1540, 1466, 1386, 
1370. [M+H] calculated: 159.13 actual: 159.02. GCMS method: 90 ºC for 3min, then an increase of 20 
˚C/min followed by 5 minutes at 250 ºC, no separation of diatereomers was observed 
Note: relative stereochemistry was assigned via comparison with 2,4,4-trimethyl-3-
phenyltetrahydrofuran (table 1, entry 8). 
O Me
HO
O
HOcatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
OH Me
MeHO Me
Me
Me MeMe
Me
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2-(2,3,3a,6,7,7a-hexahydrobenzofuran-3-yl)ethanol (OC17) 
Prepared in MeNO2 with 80 mL of alkene and 350 mL of alkenol. Eluent for purification: 70:30 
pentane/diethyl ether. 36 hours, 57 % yield. 5:1 d.r. Isolated as an inseparable mixture of diastereomers. 
Spectral data for the two major diastereomers is given herein. 1H NMR (400 MHz, Chloroform-d) δ = 
5.97 - 5.90 (m, 1H), 5.83 - 5.75 (m, 1H), 5.66 - 5.60 (m, 1H), 5.58 - 5.52 (m, 1H), 4.30 (dt, J = 6.4, 3.2 
Hz, 1H), 4.20 (td, J = 6.6, 3.7 Hz, 1H), 4.03 (dd, J = 8.4, 6.7 Hz, 1H), 3.93 (dd, J = 7.5 Hz, 1H), 3.70 (dd, 
J = 6.7 Hz, 3H), 3.51 - 3.44 (m, 1H), 3.36 (dd, J = 10.3, 7.6 Hz, 1H), 2.74 - 2.66 (m, 1H), 2.57 - 2.45 (m, 
1H), 2.43 - 2.34 (m, 1H), 2.19 - 1.99 (m, 4H), 1.99 - 1.49 (m, 10H). 13C NMR (101 MHz, CDCl3) δ = 
130.45, 127.82, 127.60, 123.70, 77.35, 77.03, 76.72, 75.90, 72.56, 71.96, 61.98, 61.62, 44.28, 42.87, 
40.54, 40.51, 35.70, 31.14, 26.47, 26.19, 20.90, 19.57. IR (cm-1):  3397, 3020, 2929, 1716, 1649, 1432, 
1367, 1235 [M+H] calculated: 169.12 actual: 169.05. GCMS method: 90 ºC for 3min, then an increase 
of 20 ˚C/min followed by 5 minutes at 250 ºC, no separation of diatereomers was observed 
 
1-methyl-1,2,3a,4,5,9b-hexahydronaphtho[2,1-b]furan (OC18)  
Dihydronaphtalene was submitted to the usual cyclization conditions in DCM with 115 mL of alkene and 
288 mL of alkenol. The product was then submitted to the following hydrogenation procedure. 60mg 
(0.32 mmol, 1.0 equiv) of starting furan was dissolved in 1.5 mL of EtOAc. The solution was added to a 
flask previously purged with H2. 15 mg (0.032 mmol, 0.1 equiv) of Pd/C was then added. The reaction 
was stopped after 2 hours and the whole solution run through a silica plug. 99 %, 14:1 d.r. 1H NMR (400 
MHz, Chloroform-d) δ = 7.26 - 7.04 (m, 5H), 4.51 - 4.42 (m, 1H), 3.90 (dd, J = 8.3, 5.8 Hz, 1H), 3.60 
(dd, J = 8.2 Hz, 1H), 3.52 (dd, J = 8.3, 4.7 Hz, 1H), 2.86 - 2.66 (m, 2H), 2.60 (dt, J = 15.6, 4.9 Hz, 1H), 
O
OH
H
O
OH
H
HHcatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH
HO
O
Me
H
H
2) H2, Pd/C, EtOAc
1) 1 (2.5 mol %)
1.0 equiv 2, MeNO2
450 nm LEDs
OH
+
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2.14 - 2.03 (m, 1H), 1.81 - 1.71 (m, 1H), 0.73 (d, J = 7.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ = 
139.20, 135.53, 130.25, 128.32, 125.75, 125.64, 77.64, 77.26, 77.05, 76.83, 74.14, 45.04, 39.19, 29.16, 
25.94, 15.28. IR (cm-1):  2929, 2849, 2360, 2243, 1716, 1698, 1670, 1652, 1558, 1540, 1490, 1455, 1377. 
[M+H] calculated: 189.12 actual: 189.03 
 5– Synthesis of amine substrate 
 
 
 
tert-butyl cinnamylcarbamate  
The cinnamyl amine was prepared via a two-step procedure. Cinnamyl bromide (25 g, 126.85 mmol, 1.0 
equiv.) was dissolved in dry dimethylformamide (125 ml) under inert atmosphere. Potassium phtalamide 
(28.19 g, 152.44 mmol, 1.2 equiv.) was added at once. The mixture was refluxed overnight. The crude 
reaction mixture was cooled and 300 ml of diethyl ether was added. The organic layer was filtered to 
remove potassium bromide and washed with 10x40 ml of brine to remove DMF. The aqueous layer was 
extracted with 40 ml of diethyl ether and the combined organic layers were dried over sodium sulfate. The 
solvent was evaporated under reduced pressure. The yellow solid was recrystallized from boiling toluene. 
20.5 g recovered 60% yield. 1H NMR (400 MHz, Chloroform-d) δ = 7.89 – 7.87 (m, 2H), 7.76 – 7.73 (m, 
2H), 7.38 – 7.22 (m, 5H), 6.68 (d, JCH = 16 Hz, 1H), 6.32 – 6.24 (m, 1H), 4.47 (d, JCH = 6 Hz, 2H). The 
previous phthalate (20.5 g, 75.4 mmol, 1.0 equiv.) was dissolved in methanol (300 ml) and hydrazine 
monohydrate was added drop wise (4.07 ml, 82.9 mmol, 1.1 equiv.). The crude reaction mixture was 
filtered and the solid was washed with cold methanol. The methanolic phase was concentrated and taken 
up in ethanol. The white residue was filtered and the ethanol was evaporated under reduced pressure. The 
yellow solid was dissolved in water and KOH pallets were added until pH = 14.0. The aqueous layer was 
extracted with dichloromethane. The organic layer was dried over sodium sulfate and the solvent 
evaporated under reduced pressure. 7.0g of a yellow oil were recovered and used as is. 74% yield. . 1H 
N
H
BocBr
KN
O
O
DMF, reflux
NPhth
1)- H2N2H2•H2O
2)- MeOH•HCl
3)- Boc2O, Et3N
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NMR (400 MHz, Chloroform-d) δ = 7.40 – 7.38 (m, 2H), 7.31 – 7.27 (m, 2H), 7.22 – 7.18 (m, 1H), 7.51 
(d, JCH = 16 Hz, 1H), 6.37 – 6.30 (m, 1H), 3.37 (d, JCH = 6 Hz, 2H). The cinnamyl amine was acidified 
with methanolic hydrogen chloride to generate the ammonium chloride salt. This was done for ease of 
storage. The previous salt (3.0 g, 17.7 mmol, 1.0 equiv.) was dissolved in a dry dichloromethane (45 ml) 
solution containing triethylamine (7.1 ml, 53.2 mmol, 3.0 equiv.). The solution was cooled to -78 ºC and 
Boc-anhydride (4.0 ml, 17.7 mmol, 1.0 equiv.) was added at once to avoid freezing in the syringe. The 
reaction mixture was slowly warmed to room temperature and stirred overnight. The mixture was 
quenched with saturated ammonium chloride and extracted with 3x30 ml dichloromethane. The combined 
organic layers were dried over sodium sulfate and the solvent was evaporated under reduced pressure. 
The yellow solid was recrystallized from hot hexanes to afford white needles (3.5 g, 63% yield). . 1H 
NMR (400 MHz, Chloroform-d) δ = 7.39 – 7.38 (m, 2H), 7.33 – 7.32 (m, 2H), 7.29 – 7.25 (m, 1H), 7.53 
(d, JCH = 16 Hz, 1H), 6.24 – 6.20 (m, 1H), 4.69 (s broad, 1H), 3.94 (s broad, 2H), 1.49 (s, 9H). 
 
6 – Pyrrolidine synthesis via the PRCC reaction between allylic amines and alkenes 
General procedure: 
 In a two-dram vial containing a magnetic stir bar, 116.7 mg (0.5 mmol, 1.0 equiv.) of tert-butyl 
cinnamylcarbamate  and 21 mg (0.10 mmol, 0.2 equiv.) of phenyldisulfide were introduced together with 
12.3 mg (0.0025 mmol, 0.05 equiv.) of the acridinium catalyst 4. The vial containing the solids was taken 
into the glove box where 2.0 mL of chloroform were added. The alkene (1.5 mmol, 3.0 equiv.) was added 
via syringe. The vial was sealed with a septum cap, transferred from the glove box and placed in front of a 
blue LED lamp  (450 nm) and on a magnetic stirrer. The course of the reaction was monitored by TLC. 
When the reaction was complete the solvent was removed and the crude reaction mixture purified by 
silica gel, using 80:20 Hexanes/Ethylacetate as the eluent. The recovered Boc-protected pyrrolidine was 
dissolved in 4 ml of dichloromethane and 2 ml of trifluoroacetic acid were added. The deprotection was 
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run for 3 hours. The solvent was then evaporated and the crude was dried under reduced pressure at 60 ºC 
overnight to yield the desired TFA salt.  
 
 
 
4-benzyl-2-methyl-3-phenylpyrrolidin-1-ium trifluoroacetate. 64% isolated yield, 2.5:1 d.r.. 1H NMR 
(600 MHz, Chloroform-d) δ = 10.42 (s broad, 1H), 10.23 (s broad, 1H), 9.19 (s broad, 2H), 7.44 – 7.42 
(m, 4H), 7.42 – 7.40 (m, 2H), 7.37 – 7.26 (m, 7H), 7.18 – 7.17 (m, 3H), 7.05 – 7.03 (m, 4H), 4.14 – 4.11 
(m, 1H), 3.70 – 3.60 (m, 1H), 3.42 – 3.33 (m, 3H), 3.14 – 3.11 (m, 2H), 2.93 – 2.91 (m, 2H), 2.88 – 2.85 
(m, 1H), 2.73 (dd, JCH =10.9 Hz, JCH =10.9 Hz, 1H), 2.52 (dd, JCH =13.7 Hz, JCH =10 Hz, 1H), 2.40 (dd, 
JCH =13.9 Hz, JCH =12.2 Hz, 1H), 2.27 (dd, JCH =12 Hz, JCH =12 Hz, 1H), 1.45 (d, JCH =6.4 Hz, 3H), 
1.31 (d, JCH =6.4 Hz, 3H) 
 
 
 
4-benzyl-3-(4-methylphenyl)-2-methylpyrrolidin-1-ium trifluoroacetate. 61% isolated yield, 2.5:1 
d.r.. 1H NMR (600 MHz, Chloroform-d) δ = 10.26 (s broad, 1H), 10.23 (s broad, 1H), 9.41 (s broad, 2H), 
7.25 – 7.22 (m, 7H), 7.21 – 7.17 (m, 3H), 7.16 – 7.11 (m, 4H), 7.05 – 7.04 (m, 4H), 4.10 – 4.06 (m, 1H), 
3.57 – 3.52 (m, 1H), 3.38 – 3.30 (m, 3H), 3.13 – 3.10 (m, 2H), 2.90 – 2.85 (m, 2H), 2.80 – 2.70 (m, 1H), 
2.68 (dd, JCH =12 Hz, JCH =12 Hz, 1H), 2.49 (dd, JCH =12 Hz, JCH =12 Hz, 1H), 2.47 – 2.39 (m, 7H), 
2.27 (dd, JCH =12 Hz, JCH =12 Hz, 1H), 1.43 (d, JCH =6 Hz, 3H), 1.31 (d, JCH =6 Hz, 3H). 13C NMR (150 
MHz, CDCl3) δ = 162.4 (q, JCF  =34.5 Hz), 138.8, 138.6, 137.8, 137.5, 133.4, 132.5, 129.9, 129.7, 128.8, 
128.7, 128.6, 128.6, 128.4, 128.4, 127.7, 126.6, 126.4, 116 (q, JCF =289 Hz), 61.7, 57.6, 57.3, 48.4, 48.2, 
47.0, 37.5, 35.3, 21.2, 21.0, 16.4, 15.6. 
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3-benzyl-1,2,3,3a,8,8a-hexahydroindeno[2,1-b]pyrrol-1-ium trifluoroacetate. 58% isolated yield, 
2.5:1 d.r.. 1H NMR (600 MHz, Chloroform-d) δ = 10.30 (s broad, 1H), 9.90 (s broad, 1H), 9.70 (s broad, 
1H), 9.56 (s broad, 1H), 7.36 – 7.26 (m, 11H), 7.24 – 7.16 (m, 7H), 4.64 – 4.62 (m, 1H), 4.62-4.59 (m, 
1H), 4.16 (t, JCH =9 Hz, 1H), 3.77 – 3.76 (m, 1H), 3.40 – 3.39 (m, 2H), 3.33 – 3.28 (m, 1H), 3.16 – 2.99 
(m, 5H), 2.91 – 2.88 (m, 1H), 2.76 – 2.74 (m, 1H), 2.66 (dd, JCH =9 Hz, JCH =9 Hz, 1H), 2.44 (dd, JCH =9 
Hz, JCH =9 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ = 162.3 (q, JCF  =34.5 Hz), 141.5, 141.4, 139.5, 
139.0, 138.8, 138.2, 129.0, 128.9, 128.3, 127.8, 127.1, 126.8, 126.7, 126.2, 125.1, 125.0, 123.8,116 (q, 
JCF =289 Hz), 61.9, 61.8, 54.7, 51.8, 49.4, 48.3, 47.2, 43.2, 38.5, 37.1, 36.5, 34.8.  
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7- 1H, 13C NMR, COSY, NOESY spectra for tetrahydrofurans OC1 to OC18 and pyrrolidines NC1 
to NC3 
 
2,4-dimethyl-3-phenyltetrahydrofuran (OC1) – 1H, 13C, COSY and NOESY NMRs 
 
 
O Me
PhMe
O Me
PhMe
O Me
PhMe
Ph
MeOH
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
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3-(4-chlorophenyl)-2,4-dimethyltetrahydrofuran (OC2) - 1H, 13C NMRs 
 
 
O Me
ArMe
Ar = p-Cl Ph
O Me
ArMe
Ar = p-Cl Ph
O Me
ArMe
Ar = p-Cl Ph
Ar
MeOH
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
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3-methyl-3,3a,8,8a-tetrahydro-2H-indeno[2,1-b]furan (OC3) - 1H, 13C, COSY and NOESY NMRs 
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H
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1.0 equiv PhCH(CN)2
450 nm LEDsOH
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3-methyl-3a-phenyloctahydrobenzofuran (OC4) - 1H, 13C NMR 
 
 
 
O
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H
O
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catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH
Ph
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(4-methyl-3-phenyltetrahydrofuran-2-yl)methanol (OC5) - 1H, 13C NMR 
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Phcatalyst (2.5 mol %)
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4-methyl-3-phenyltetrahydrofuran-2-yl)methyl benzoatePrepared (OC6) - 1H, 13C NMR 
 
 
 
O
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Phcatalyst (2.5 mol %)
MeNO2, 23 °C
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2,4,4-trimethyl-3-phenyltetrahydrofuran (OC7) - 1H, 13C, COSY and NOESY NMRs 
 
 
 
 
O
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catalyst (2.5 mol %)
DCM, 23 °C
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450 nm LEDs
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4-isopropyl-2-methyl-3-phenyltetrahydrofuran (OC8) - 1H, 13C NMR 
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O Me
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PhiPrcatalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
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2,4,4-trimethyl-3-phenyltetrahydrofuran (OC9) - 1H, 13C, COSY and NOESY NMRs 
 
 
 
O Me
PhMe
Me
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
PhMe
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2,3,5-trimethyl-4-phenyltetrahydrofuran (OC10) - 1H, 13C, COSY and NOESY NMRs 
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Phcatalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
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Me
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2-(5-methyl-4-phenyltetrahydrofuran-3-yl)ethanol (OC11) - 1H, 13C NMR 
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Phcatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
PhHO
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2-(2-(5-methyl-4-phenyltetrahydrofuran-3-yl)ethyl)isoindoline-1,3-dione (OC12) - 1H, 13C NMR 
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NPhthcatalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
PhNPhth
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2,4-dimethyl-3-phenyltetrahydro-2H-pyran (OC13) - 1H, 13C NMR 
 
 
 
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH Me
Ph
O O O
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2-methyl-4-methylene-3-phenyltetrahydrofuran (OC14) - 1H, 13C NMR 
 
 
 
O Me
Ph
Ph
MeOH
catalyst (2.5 mol %)
DCM, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
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2-(3a-methylhexahydro-2H-cyclopenta[b]furan-3-yl)ethanol (OC15) - 1H, 13C NMR 
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Mecatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH
HO
Me
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2,4,4,5-trimethyltetrahydrofuran-3-yl)ethanol (OC16) - 1H, 13C, COSY, NOESY NMR 
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O
HOcatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDs
OH Me
MeHO Me
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2-(2,3,3a,6,7,7a-hexahydrobenzofuran-3-yl)ethanol (OC17) - 1H, 13C NMR 
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HHcatalyst (2.5 mol %)
MeNO2, 23 °C
1.0 equiv PhCH(CN)2
450 nm LEDsOH
HO
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1-methyl-1,2,3a,4,5,9b-hexahydronaphtho[2,1-b]furan (OC18) - 1H, 13C NMR  
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1) 1 (2.5 mol %)
1.0 equiv 2, MeNO2
450 nm LEDs
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